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ABSTRACT 
This thesis documents fundamental new research into a specific application of structural 
box-section beams, for which weight reduction is highly desirable. It is proposed and 
demonstrated that the weight of these beams can be significantly reduced by using 
advanced, laminated fibre-reinforced composites in place of steel. Of the many issues 
raised during this investigation two, of particular importance, are considered in detail; 
(a) the detection and quantification of damage in composite structures and (b) the 
optimisation of laminate design to maximise the performance of loaded composite 
structures subject to given constraints. It is demonstrated that both these issues can be 
formulated and solved as optimisation problems using the finite element method, in 
which an appropriate objective function is minimised (or maximised). 
In case (a) the difference in static response obtained from a loaded structure containing 
damage and an equivalent mathematical model of the structure is minimised by 
iteratively updating the model. This reveals the damage within the model and 
subsequently allows the residual properties of the damaged structure to be quantified. 
Within the scope of this work is the ability to resolve damage, that consists of either 
penny-shaped sub-surface flaws or tearing damage of box-section beams, from surface 
experimental data. 
In case (b) an objective function is formulated in terms of a given structural response, or 
combination of responses, that is optimised in order to return an optimal structure, rather 
than just a satisfactory structure. 
For the solution of these optimisation problems a novel software tool, based on the 
integration of genetic algorithms and a-commercially available finite element (FE) 
package, has been developed. A particular advantage of the described method is its 
applicability to a wide range of-engineering problems. The tool is described and its 
effectiveness demonstrated with reference to two inverse damage detection and 
quantification problems and one laminate design optimisation problem. 
The tool allows the full suite of functions within the FE software to be used to solve 
non-convex optimisation problems, formulated in terms of both discrete and continuous 
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variables, without explicitly stating the form of the stiffness matrix. Furthermore, a- 
priori knowledge about the problem may be readily incorporated into the method. 
Keywords: Finite Element Method, Genetic Algorithms, Fibre-Reinforced Composites, 
Inverse Damage Detection, Design Optimisation. 
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Chapterl: Introduction 
CHAPTERl: 
INTRODUCTION 
This is a PhD thesis detailing the author's work towards the design and evaluation of a 
composite boom for an off-highway industrial vehicle. The design work has been used 
as an example of the challenges that face engineers when designing composites for 
structural applications. These challenges include; the development of practical tools for 
the detection and quantification of damage in composites and the development of 
analytical optimisation tools that allow optimum designs of composite structures to be 
proposed. The present work addresses both these issues and describes the development 
of a practical analysis tool, based on the integration of genetic algorithms and a desktop 
finite element package, to solve a diverse range of problems in the field of composites 
technology. 
1.1 Composite Materials: An Introduction 
Fibre-reinforced polymer (FRP) composite materials are increasingly being considered 
as a structural material for the design of components in a wide range of industries. With 
respect to traditional structural materials, such as steel and aluminium, these composites 
exhibit superior strength to weight and stiffness to weight ratios, combined with 
generally excellent corrosion resistance. These properties make composites an ideal 
material choice when good structural performance needs to be combined with low 
weight. Indeed, fibre-reinforced composites have almost completely superseded 
traditional metals in some areas of the transport, aerospace, motor sports, and sport and 
leisure industries, where weight reduction leads to significant added value to the 
product. Laminated fibre-reinforced composite have earned their position alongside 
metals in terms of performance, but costs and affordability are now among the leading 
drivers, Marsh (1999). In those industries that have been slower to exploit the 
advantages that FRP composites can offer, concerns about material costs and damage 
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tolerance combined with a general lack of knowledge concerning structural design issues 
are thought to be important factors. 
The term 'composite' covers a wide range of materials and there is no universally 
accepted definition of what constitutes a composite material, Schwarz (1992). This 
research is concerned with the broad category of composite materials that may be 
described as being fibre-reinforced for which the following definition is proposed: A 
useful plate-like material in which relatively high strength and stiffness fibres are 
embedded in a polymeric matrix and cured under temperature andlor pressure to 
produce a lamina which exhibits superior mechanical properties to those offered by the 
constituent materials alone. These laminae may be layered at the time ofmanufacture to 
produce a thicker laminate. The fibres in each lamina are principally unidirectional 
although otherfibre configurations are not excluded. The laminae and laminates exhibit 
anisotropic behaviour. 
In the past 50 years much research has been commissioned to meet the demand, largely 
from the transport industry, to commercially exploit the mechanical advantages of 
composite materials. Of primary interest to the transport industry is the ability to 
produce lighter vehicles with the benefits of better performance and/or fuel economy. In 
addition, since the manufacturing techniques associated with composites are more akin 
to moulding than fabricating, composites are well suited to net shape manufacture, 
unlike the metals that they may replace. This allows industry to reduce the number of 
components required in assemblies and presents the opportunity of designing 
components using relatively complex shapes that would be unimaginable using metal. 
Historically, the main driving force behind the development of fibre reinforced 
plastic (FRP) materials has been the need of the aerospace industry to reduce the weight 
of components. Later, the same potential advantages were recognised by a range of 
'high-tech' industries, such as high performance vehicles and sports equipment 
manufacturers. In recent years, as the volumes of raw materials being manufactured has 
increased the knowledge regarding the materials has matured, other more cost-sensitive 
industries are seeking ways to incorporate composites into their products. 
An excellent example of a cost-sensitive industry looking to exploit the benefits 
of composite materials are the manufacturers of heavy construction and earth moving 
equipment, such as backhoe loaders, telehandlers and excavators for the agricultural, 
2 
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industrial and construction markets. Although they do use low-grade, glass fibre-fibre 
reinforced polymer (GFRP) composites in some non-structural applications, steel is the 
material of choice in primary load bearing applications. 
Recently however, J. C. Bamford Excavators Ltd have identified the advantages 
of replacing steel with lightweight FRPs in the design of Telehandler booms, Panni, 
Sherratt and Nurse (2001). During the course of the fundamental research into the design 
of a composite telehandler boom two key issues have been identified as being important 
to the future success of FRPs in this and similar applications; 
a) The development of tools for the in-situ detection and quantification of possible 
damage in primary load-bearing components. 
b) The development of optimisation tools to handle the large number of design 
variables associated with FRPs to return optimal designs rather than satisfactory 
ones. 
1.2 Damage and Damage Detection in Composites 
Damage phenomena in FRPs and the subsequent effect of any damage on the residual 
properties of a structure is generally a much more complex phenomenon than that 
observed in metal structures. This is compounded by the fact that damage, especially 
caused by impact events, can be internal and therefore hidden from view. Furthermore, 
although there is a wealth of academic research into impact and damage phenomena in 
composite materials, the vast range of material configurations, geometry and types of 
impact events mean that there are no universal design guidelines to help engineers when 
designing composites for impact. In the absence of such guidelines, it is important that 
impact damage can be detected and quantified using reliable and robust tools. To meet 
this need nondestructive test methods such as Ultrasonic C-Scan and X-Radiography 
have been developed to determine the extent of internal damage. However, these 
6visualisation' techniques only allow the presence of damage to be ascertained. Alone, 
this information is insufficient to determine whether the damage is malignant or benign. 
In order to diagnose the severity of the damage the engineer must manually build an 
analytical model, often with incomplete data, to predict the residual properties of the 
component. Given that this data may often be incomplete such an analytical model will 
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contain significant uncertainties. In practice, when confronted with an incomplete 
characterisation of damage, engineers resort to simple design codes or rules-of-thumb to 
decide if the residual properties of the structure have been dangerously compromised. 
Thereby running the risk that malignant damage is left undiagnosed or unnecessary 
action taken to remedy benign damage. 
In response to this, the present research investigates the use of inverse or system 
identification methods to both detect and quantify damage in FRP structures. 
An inverse problem can be described by considering the 'causes' and 'effects' of 
a physical system. In direct orforward engineering problems the causes or inputs into 
any system are known and the resulting effects or outputs are predicted using an 
empirically proven relationship. Conversely, an inverse problem is considered as one in 
which some or all of the effects are known and the causes are deduced from this 
information. 
It is well known that damage of any form may result in a reduction in the 
stiffness of a loaded structure, where the applied load is considered to be the system 
input and the structural displacement or strain is the system output. For example, a 
standard, static and linear-elastic finite element model calculates a unique set of 
displacements that correspond to a given loading condition and material model. An 
inverse analysis seeks to determine the stiffness reduction (or state of damage) that 
corresponds to a given set of displacement results. 
Damage in composites, may be represented in a number of ways. For example, a 
crack may be modelled in a continuum mechanics model as a local region of zero or 
near-zero elastic modulus. Alternatively, the same crack may be considered as a discrete 
physical discontinuity in a structure. In the former case, all damage cases can be 
described using the same numerical model but with different values of elastic modulus 
to describe the damage. In the later case, where damage is modelled in geometric form, 
different damage configurations will require different analytical models. 
Here, inverse damage detection and quantification problems are formulated to 
deduce the state of damage in a loaded structure using only vectors of experimentally 
determined response data. The strategy adopted is to iteratively update finite element 
models containing arbitrary damage in order to minimise the difference between the 
analytically predicted response and the response obtained from an equivalent 
experimental specimen containing unknown damage. This strategy requires an effective 
and efficient method of minimising an objective function, which is formulated in terms 
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of the difference between two vectors representing system outputs; one experimental and 
one analytical. 
1.3 Composite Desh! n Issues 
Designing FRP structures requires an entirely different design philosophy from that of 
metal structures. Where steel is the material of choice the designer can only realistically 
select from a very limited number of grades of steel for which the variation in material 
properties is modest and the final component is achieved using a combination of casting, 
cutting, folding and welding processes. In most cases, the choice of manufacturing route 
adopted for metals is not influenced by structural considerations - rather tolerances, cost 
and component-specific requirements are the leading factors. In terms of structural 
performance the only parameters that can be changed or optimised are the material and 
geometry of the structure. Consequently, the number of variables that can be changed 
are relatively small and manageable, particularly when design is incremental and there 
exists a database of a-priori knowledge to guide the design process. The design of 
composite materials differs in many areas. Firstly, composite materials may be 
considered for 'clean-sheet' designs. These are new projects or components for which 
there is no a-priori knowledge regarding the design. Such projects are typified by having 
a large number of competing designs and variables that need to be managed. Secondly, 
the number of material properties that can be achieved using composite materials 
becomes almost infinite. The global material properties of a component are dependent 
on the materials used at the laminate-level, such as the resins and fibres, the orientation 
of the plies, the number of plies and the relative thickness of the plies (collectively 
known as the lay-up). Additionally, the choice of manufacturing route adopted can have 
an effect on the overall structural properties of the material. For example, pultruded 
sections may not permit fibre volume fractions as high as those obtained by a hand-lay- 
up prepreg solution and may not achieve uniform placement of fibres in different areas 
of the section. Clearly, the number of design variables to be considered in a composite 
design may easily be an order of magnitude greater than for a similar design traditional 
isotropic metals. 
Given that these variables have a complex relationship that is not easily 
understood without analytical tools, and that the effect of changing these variables may 
5 
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present conflicting advantages, it may be advantageous to develop tools that help 
manage the data and produce better, sub-optimal or optimal designs. 
In the case of design with composite materials, there is a particularly compelling 
argument for seeking optimal rather than just satisfactory designs. Reducing the weight 
of a composite component by optimising the design for a given material requires less 
raw material for the manufacture of the component. Since the raw-material cost is 
calculated on a price/kg basis it is beneficial to use as little material as possible in the 
design. This results in a potential 'Win-Win' situation that can be exploited, in which 
both performance and economic benefits accrue with each incremental improvement in 
the optimisation process. 
It is possible to draw comparisons between the design optimisation problem and the 
inverse damage detection problem. Both problems require an analytical model that 
represents the structure in question and a method for searching a solution space defined 
by an appropriate objective function to find an optimum. In the case of the optimisation 
problem this may be to find the set of variables that minimises a given criterion such as 
weight. In the case of damage detection the task is to search among all possible damage 
scenarios to find the one that minimises the difference in response between the analytical 
and the experimental models. Given the similarities it is, therefore considered beneficial 
to develop a robust tool, capable of solving both problems using the same principles. 
The method that is proposed here is based on the integration of Genetic Algorithms 
(GAs) with the LUSAS Finite Element (FE) package. The FE method is by far the most 
commonly accepted direct numerical method for solving complex geometry structural 
problems and is capable of providing accurate numerical representations of loaded 
structures with complex geometry. Genetic Algorithms (GAs) are an attractive and 
powerful class of numerical tool, based on a concept of natural adaptation in the natural 
world, for solving problems that require the efficient search of a solution domain. The 
methods have proven to be particularly effective in generically difficult optimisation 
problems where the design space may be nonconvex and in problems where the 
solution(s) may be determined in terms of a mix of continuous, discrete and integer 
variables, Hajela and Lee (1996). Importantly, GAs do not require any specific 
knowledge of the form of the analytical model, rather they evolve solutions using the 
responses of the model to guide the search. All that is required for the GA is an 
6 
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appropriate interface between the GA and the analytical model used to solve the direct 
problem. 
The present work recognises that GAs are independent of the form of the analytical 
model and that they can be used to update and optimise a finite element model as a 
black-box component - using only output data from the finite element model to guide the 
genetic search. Here it will be demonstrated that the programming of a specific problem 
dependent finite element model within a GA is unnecessary, excessively time- 
consuming and prone to error. Instead, since the finite-element component is a black- 
box, why not incorporate a proven, commercially available FE package as an object 
within the GA? Such an integrated tool has been developed during the course of this 
research and the thesis demonstrates the effectiveness of this tool when applied to both 
engineering design and inverse damage detection and quantification problems. The 
FE/GA (Finite Element/Genetic Algorithm) tool based on genetic algorithms is robust, 
in that it can be readily adapted to a wide range of problems and exploits the power and 
versatility of the LUSAS finite element package. 
1.4 Thesis Overview 
The inspiration for the tool has been derived from a diverse range of research fields and 
sources. Chapter 2 presents a review of the relevant literature and a summary of the 
relevant background in the areas of composites and their applications, inverse analysis, 
damage detection techniques and genetic algorithms. 
Chapter 3 details an important and original composite component design that was 
carried out for JCB Excavators Ltd. In itself, the investigation represents a 
groundbreaking and significant contribution in the field of composite applications. It is 
included here to illustrate the difficulties inherent with composite design and to provide 
a practical example of how the theory developed in later chapters may be applied to real- 
life problems. 
Chapter 4 presents the background to genetic algorithms, how they work and the 
characteristics that make them so powerful in the context of the present research. 
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The integrated Finite Element/Genetic Algorithm (FE/GA) tool that has been developed 
during the research is presented and described in Chapter 5. It describes in general terms 
how a genetic algorithm can be implemented to solve structural optimisation problems 
using the VBScript programming language. 
Chapters 6 and 7 use the FE/GA tool to solve two original inverse damage detection and 
quantification problems from a theoretical perspective. 
Chapter 6 uses the tool to determine the location and length of longitudinal 
cracks that may be found in pultruded glass fibre-reinforced plastic (GFRP) box-section 
beams. The analysis resolves the cracks by minimising the difference in response vectors 
between simulated experimental data and that from an equivalently loaded FE model. 
The response vector comprises of displacement data obtained when the beam is loaded 
in a series of unequivocal 3-point bend tests. 
Chapter 7 uses FE/GA tool to locate the shape and depth of a single delarnination 
flaw in a carbon fibre-reinforced composite panel. Again, the FE/GA tool is used to 
minimise the difference in response between a vector of simulated experimental data and 
that obtained from an equivalently loaded FE model. In this case, the response data is an 
array of displacements that might be obtained using a full fleld optical technique when a 
laminate containing a delamination is subjected to a single vacuum loading. 
In Chapter 8 the FE/GA tool is extended to a laminate design problem similar to that 
previously encountered in Chapter 3. The tool is used to search for the laminate lay-up 
of a cantilever box-section beam that minimises the beam-tip displacement, subject to a 
number of physical constraints. 
Having presented the central concept and its theoretical application to a number of 
relevant examples, the thesis concludes with Chapter 9, in which the method is critically 
discussed and conclusions drawn as to its overall performance. Finally, suggestions for 
future work that can build on and develop from the lessons leamt herein will be 
proposed. 
An appendix containing a sample listing of the VBScript code used in Chapter 7 is 
included at the end of the thesis and may be used as a reference for researchers wishing 
to make further use of the FE/GA tool. 
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This thesis contains original research that has been widely reported to the academic 
community in refereed journals and at international conferences, as listed below (in 
chronological order). 
Panni, D. C., Sherratt, P. I and Nurse, A. D., Finite element analysis ofa hax-section 
composite heam under multi-axial loading. ICCE/6. Orlando, 27h June -P July 1999. 
Sherratt, P., Panni, D. C. and Nurse, A. D., Inverse analysis of a box-section 
composite beam with impact damage. ICCE/6. Orlando, 27h June -P July 1999. 
Sherratt, P. J., Panni, D. C. and Nurse, A. D., On the identification of damage in 
laminated composites using inverse analysis. ICCST-3. Durban, SA, I 1'ý- IP Jan 2000. 
Nurse, A. D., Huntley, I M., Panni, A C., Petzing, J., Sherratt, P. J. and Tyrer, I 
IL, Developments in inverse analysis for in-situ flaw detection in composite material 
structures. The 13th European Conference on Fracture Mechanics: Applications and 
Challenges. San Sebastian, Spain, 6'ý-9th September 2000. 
Sherratt, P., Panni, D. C. and Nurse, A. D., Inverse analysis of a box-section 
composite beam with impact damage. The 13th European Conference on Fracture 
Mechanics: Applications and Challenges. San Sebastian, Spain, 6h-9h September 2000. 
Sherratt, P. J., Panni, D. C. and Nurse, A. D., 2001, Damage Assessment of 
Composite Structures Using Inverse Analysis and Genetic Algorithms. Key Engineering 
Materials; Vol. 204-205. pp. 409418. 
Panni, D. C. and Nurse, A. D., Integrating genetic algorithms and the finite element 
method to solve structural inverse problems. International Conference on Computational 
Intelligence for Modelling, Control and Automation, CIMCA 200 1. Las Vegas, 9h- I Vh 
July 200 1. 
Nurse, A. D., Panni, D. C. and Sherratt, P. J., Use of genetic algorithms to 
characterise damage in fibre-matrix composites. International Conference on 
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Computational Intelligence for Modelling, Control and Automation - CIMCA 2001. Las 
Vegas, 9b- 11"' July 200 1. 
Panni, D. C. and Nurse, A. D., Integrating thefinite element and genetic algorithms to 
solve structural inverse problems. To be included in the forthcoming book 
'Computational Intelligence and Control'. 
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CHAPTER 2: 
THE STATE OF THE ART: A LITERATURE 
REVIEW 
2.1 Introduction 
A primary contribution of the present work is to demonstrate the similarities between the 
solution of inverse damage detection problems and the solution of design optimisation 
problems, with the aim of developing a common tool that can be used to solve both 
types of problem. As such, the work detailed in this thesis draws on a number of diverse 
fields of research including; the design of composites, genetic algorithms, damage 
detection, inverse analysis and design optimisation. Each of these areas is well 
documented in its own right and to address all the literature here would render the thesis 
unnecessarily voluminous. Since the present work builds bridges between these diverse 
fields, this chapter will put the research into academic context by identifying the key 
publications in each field and acknowledging those researchers whose contributions 
have acted as markers along the route to the present point. 
The review is divided into three headline sections; composites, structural inverse 
analysis and genetic algorithms. Each section begins with a general discussion of the 
subject and is followed by a more detailed presentation of the literature that is directly 
applicable to the present work. 
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2.2 Composite Materials 
2.2.1 General Discussion 
In order to meet the need of industry to exploit the advantages of composite materials 
much work has been commissioned. Consequently, there is a wide range of literature 
available for the interested reader. Many good textbooks introduce the general subject, 
such as those by Jones (1999), Schwarz (1992) and Hull and Clyde (1996). More 
detailed studies can be found in a wide range of technical publications such as; 
Composites: Part (A), Composites: Part(B), Composites Engineering and Composites 
Science and Technology. Bogdanovich and Sierakowski (1999) have compiled a 
commendable compendium of books, review papers and other sources of information in 
the field of composites science and technology containing over 400 references. Although 
it does not review each reference, it catalogues the most authoritative works that have 
been conducted in nine different composite fields since the mid-1960s. Alternatively, a 
good source of the latest information regarding applications of composites and 
commercial developments can be found in Reinforced Plastics, Elsevier. 
2.2.2 The use of ComDosites bv Construction Eciuivment OEMs 
A good example of a cost-sensitive industry looking to exploit the benefits of composite 
materials are the manufacturers of heavy construction and earth moving equipment such 
as backhoe loaders, telehandlers and excavators for the agricultural, industrial or 
construction markets. The first documented application of modem composite materials 
in this equipment was reported to be the composite cab, engine cowling and wheel 
covers on a hydraulic loading shovel dating back to 1957, Reinforced Plastics (May 
1997). 
However, to date, only a few non-structural components are manufactured using 
composite materials. Where they are used, as in engine covers and protective enclosures, 
the material is often a low grade short-fibre glass-based composite such as sheet 
moulding compound (SMC). In these applications the materials require excellent surface 
finishes but relatively low structural properties such as stiffness and strength. 
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Traditionally the OEMs in this market are heavy users of steel, with over- 
engineering of structures being commonplace. However, some OEMs are realising the 
advantages of using composites in primary structural components, where previously 
steel was the material of choice. An interesting product that has adopted FRP composites 
in primary structural components is the aerial lift truck that is commonly sold in the US 
market. These vehicles comprise of a truck mounted telescoping boom and can be used 
for the drilling and planting of transmission poles and lighting columns, as well as being 
used as man access platforms. The advantages of using a lightweight GFRP boom in this 
application include better liffing performance and electrical insulation. The latter 
advantage is an important factor since the machines may be used to inspect or perform 
maintenance on overhead power cables. The first general design rules for these machines 
were proposed by Keck and Patton (1967). Severson (199 1) describes how GFRP booms 
are manufactured using the filament winding technique and designed to the strength 
requirements of ANSI standard A92.2. The 1990 version of this standard states that the 
design stress should be no more than 20% of the minimum ultimate strength of the 
material and should include the combined rated load and weight of the support structure. 
The only stiffness requirement specified was that the work platform should provide 
reasonable stability and that a deflection of V4inch per foot of boom length is acceptable. 
Other requirements specified were that the resin system should have excellent strength 
retention up to temperatures of at least 230OF in order to prevent buckling failure at high 
ambient temperatures, (although there is no definition of 'excellent' strength retention). 
The issue of damage tolerance in these machines has been raised and discussed 
by McElroy (199 1), who performed a pathological investigation into the critical failure 
of a GFRP aerial platform boom. As a result of this investigation it was concluded that 
the continuous onboard monitoring of the state of composite structures be implemented 
using an acoustic emission technique. The system adopted by the Philadelphia Electric 
Co. monitors the state of the structure and provides an audible/visible warning to the 
vehicle operator that the boom has reached a point of overload. Further rule-of-thumb, 
guidelines for the inspection and care of fibreglass structures in aerial equipment has 
been presented by Armstrong and Kyle (199 1). 
More recently, J. C. Bamford Excavators Ltd have identified the possibility of replacing 
steel with lightweight FRPs in the design of Telehandler booms, Panni, Sherratt and 
Nurse. (200 1). This research is discussed in detail in Chapter 3. 
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2.2.3 Structural Comppsite Design Tools 
The design process for composite structures is significantly different from that when the 
structure is of metal. The behavioural characteristics of composite materials are much 
more complicated than those of metals and the number of design variables is greater, 
Jones (1999). Composite materials are manufactured at the time of fabrication of the 
component and the mechanical properties of the material will depend on the 
manufacturing route selected, Hollaway (1989). AdditionallY, with respect to steels there 
is little reliable design data and few product-specific standards to which the component 
can be designed. 
Laminated fibre-reinforced composites comprise of two constituent components, the 
fibres and the matrix, with each playing a distinct and important role in the structure. 
The fibres provide most of the stiffness and strength, while the matrix binds the fibres 
together, providing environmental protection and acting as a medium for transfering the 
externally applied loads to the fibres. Given the almost infinite combination of materials 
it is rare that reliable, experimentally determined material values will be available. 
Therefore, during the early stages of a design it is invaluable to have access to analytical 
models that can synthesise global material properties from the constituent material data 
and predict the response of a simple laminate structure composed of multiple plies or 
laminae. 
The theory and equations governing the material behaviour of laminated FRP 
composites are well accepted and are comprehensively described in Halpin (1992). At a 
lamina level the stiffness and strength properties of the constituent materials can be 
combined using micromechanics formulae to determine the overall strength and stiffness 
of unidirectional fibre reinforced laminae in the principal axes (assuming the material 
properties of the fibres and matrix are known). Once the orthotropic material properties 
of individual laminae have been determined, the material properties on the principal axes 
may be transformed onto other axes as necessary. 
The stresses and strains developed in a stacked laminate under in-plane or 
bending loads can be calculated using classical laminate theory (CLT). In such material 
models it is assumed that within the considered domain the material is homogeneous; 
that is, it ignores local irregularities such as inclusions and local debonding between 
fibre and matrix on a micro-scale that occur as a result of manufacturing variations. In 
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the case of strain related behaviour, the effect of these irregularities is smoothed-out 
over the domain. Consequently, the micromechanics and CLT approaches are generally 
accepted as yielding good estimates for the stresses and strains that develop in laminated 
FRP structures under given loads. 
The overall failure of a lamina may be the result of complex interactions between 
multiple failure modes and importantly, the strength is sensitive to local irregularities in 
the structure. Consequently it has proved more difficult to develop accurate and robust 
failure models and there is much debate regarding the correct choice of failure criterion, 
as evidenced by the research papers collected by Harris, et aL (1998). 
Failure models for laminae based on a single criterion, such as the maximum 
stress and the maximum strain criteria are used. Although simple to use these limit 
criteria do not agree well with experimental data unless the fibre angle is close to 00 or 
900, Mathews, et aL (2000). Interactive, multicriterion failure models have also been 
developed to better match experimental observations. The most commonly cited of these 
include those proposed by Tsai-Hill (1950), Hoffman (1967) and Tsai-Wu (1971). 
The overall failure of the laminate may be assessed by applying the selected 
lamina failure criterion on a ply-by-ply basis. Generally, progressive failure of a 
laminate can be determined using an iterative method that predicts the first ply to fail 
under a given load before redistributing the load through the remaining plies and 
predicting the next ply to fail. 
Each of the above numerical models for determining the material properties and 
structural response can be incorporated into computational analysis tools, such as CoDA, 
NPL (1998). These let analysts predict the material properties of different composites 
and predict the consequences of changing individual material parameters. Alternatively, 
the underlying principles can be readily incorporated into FE packages for the analysis 
of more complex geometry composite components. Indeed, many commonly used 
commercially available FE packages have the option of analysing composite structures 
using either 3D or 2D plate-like elements. One such package is LUSAS Composite, FEA 
(1999), which is a powerful and general-purpose feature-based FE modeller used in 
subsequent research documented in later chapters. 
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2.2.4 Delamination Damage in Composites 
When studying composites it quickly becomes apparent that their failure modes and 
mechanisms are distinct from those that are experienced with isotropic metal structures. 
With respect to FRP composite materials most engineering grade metals can be 
classified as ductile, with damage developing in the form of gross deformation and 
cracks, both of which are generally visible phenomena that indicate that the structure 
may be about to fail. Composites on the other hand can be classified as being brittle - 
exhibiting little plastic deformation prior to complete and terminal failure. As a result of 
their low inter-laminar and through-thickness tensile strengths, laminated composites 
can be susceptible to delamination damage. Delamination is one of the principal macro- 
scale damage mechanisms that is observed in composites and refers to a local region of 
debonding between adjacent laminae. The literature indicates three primary causes of 
delarnination in composites; as a result of poor manufacturing control, in-service 
impacts, and the free edge effect. The presence of delaminations in a composite 
component may cause either a loss of stiffness or total failure of the laminate, Carniero 
and Savi (2000). Consequently the effect of delarninations and their propagation have 
been widely studied. 
If complex damage within a structure is difficult to identify and distinguish then 
it may be addressed using continuum damage mechanics, in which a smeared 
representation of the damage is used. However, delaminations are discrete and clearly 
identifiable cracks within the structure. Therefore, since they may be regarded as parts of 
the boundary of the body and treated individually, fracture mechanics may be seen as the 
natural foundation for a delamination description, Bor& et al (2001). Fracture 
mechanics approaches to the study of delaminations and their growth in terms of stress 
intensity factors and crack tip strain energy release rates are reviewed by Deng (1995). 
The energy released, AG, by the crack advancing over an area AA is found and the ratio 
AG/AA is compared with the critical energy release rate AG, /, &A for the material. If the 
critical energy is exceeded then the crack is assumed to propogate. There are three 
possible modes of crack propagation with each having different critical energies. 
Many of the fracture mechanics approaches use an analytical delarnination model to 
describe the propagation of delatninations under load. 
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By far the most extensively used analytical technique for the study of 
delamination damage is the finite element method. Because of limitations on 
computational capacity most researchers have avoided three-dimensional models unless 
absolutely required - preferring instead to use two-dimensional shells or plates. Since an 
appropriate analytical delamination model is required in Chapter 7, a number of different 
modelling techniques are presented here. 
An early finite element model for delamination damage was proposed by Reddy, et aL 
(1984) to study the effect of rectangular delaminations (approximate size 70cm2) in 
carbon epoxy laminates under bending, buckling and dynamic loading. The laminate 
was represented by parallel plate elements joined at common nodes by beam elements. 
A delamination zone was created by selectively removing the beam elements. 
A similar representation was adopted by Kyoung, et aL (1998) in an 
investigation into the post-buckling performance of composite laminates under 
compressive loading, in which eight-node shell elements were used to model multiple 
delaminations. In order to avoid overlapping between delaminated layers, which is a 
physically inadmissible buckling mode, the contact node pair was defined using a virtual 
beam element. The stiffness of the virtual beam was adjusted using an iterative method 
that monitored the relative displacement between the two surfaces. If, during the 
buckling analysis, two adjacent nodes on either side of the delarnination interface 
approached each other within a given tolerance the stiffness of the virtual beam was 
increased to prevent overlapping. 
Kreuger and OSnen (2000) examined strain rate release energies for delaminated 
laminates using a non-linear finite element model that combined both solid three- 
dimensional elements in the vicinity of the delamination for accuracy and shell elements 
elsewhere in the structure for computational efficiency. The delamination was modelled 
using de-equivalenced adjacent nodes in the delamination area. The combined 2D/3D 
model was compared with results obtained from a full 3D analysis of the delamination to 
verify that the combined model could still provide reasonable accuracy with reduced 
computational effort. 
Thomson and Scott (2000) modelled delarninations in a 3D stiffened aerospace structure 
using two parallel shell elements, offset by an amount equal to half their thickness, to 
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represent the laminates above and below the delamination. Beyond the dclamination 
zone adjacent nodes were kinematically constrained. Contact elements were also used in 
the delarnination zone to ensure that under loading the two shells could not pass through 
each other. The model was used in a non-linear static analysis to determine strain energy 
release rates when the panel was loaded. 
An increasingly popular method of modelling delarninations and their propagation is to 
insert zero-thickness interface elements into either 2D or 3D models at possible sites of 
delamination such as those described by Allix, et aL (1998), Corigliano (1993), 
Petrossian and Wisnorn (1998) and Wisheart and Richardson (1998). Generally, the 
elements comprise of node pairs with the element variables being internal node pair 
forces and relative displacements. Both initial fracture and subsequent crack growth is 
modelled by specifying different material models before and after a critical fracture load 
has been reached. As the force on a node pair increases, they move up the stiff linear 
portion of the material model and once critical strength level has been exceeded the node 
pair softens and separate until they completely separate. The delamination grows by the 
progressive activation of the delamination elements. 
Johnson and Pickett (2000) successfully used delamination. interface elements 
inserted between 2D finite element shells to study the development of both in-ply and 
delamination damage under impact loading. Good agreement between experiment and 
simulation was reported. Moharnmadý et aL (1998) used a finite/discrete element 
algorithm containing interface elements combined with the Chang-Spring failure 
criterion to represent the growth of delaminations of composites subject to high-velocity 
impacts. 
Wisheart and Richardson (1998) used the interface elements incorporated in the LUSAS 
FE package in both two and three-dimensional FE models to simulate progressive 
delamination failure. The elements were tested under Mode 1, Mode II and mixed mode 
loading with an initial pre-crack inserted into the model to provide the necessary stress 
concentration in order to initiate delamination. 
Recently, Wisnom and Chang (2000) modelled a delamination interface using non-linear 
springs between coincident nodes in a finite element model to describe an elastic-plastic 
model for crack opening. The springs are initially assumed to be elastic with a stiffness 
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based on the characteristics of the resin. An assumed failure stress based on the resin 
failure stress was used to determine the point at which relative deformation can take 
place between the plies at constant stress. The extent of the delarnination was 
determined from the number of interface spring elements that had failed. Since failure 
occurs in discrete steps of one element at a time, the accuracy of the procedure is 
dictated by the element size. 
Most researchers have investigated delaminations in terms of a physical discontinuity 
within the FE mesh. However, Xiong; et aL (1995), in a study into the post-impact 
compressive strength of laminates reported some success in representing the 
delaminations and matrix cracking associated with various impact events as soft 
elliptical inclusions within a finite element model. 
An approach to the assessment of delamination propagation in laminates subject to in- 
plane stress was presented by Camiero and Savi (2000). In this study an iterative method 
to describe delamination is presented. Interlaminar stresses are evaluated from a 
modified lamination theory and then used as input in a constitutive adhesion model that 
describes the damage evolution of the interlayer. 
In addition to the development of theoretical models to simulate delamination 
propagation in laminates, practical methods for detecting the propogation of 
delarninations have also been described. De Charentenay, et aL (1984) performed an 
experimental investigation on the Mode I failure of a delarninated plate. Load- 
displacement plots and acoustic emission data were compared to observe the onset of 
delamination growth in glass, carbon and kevlar epoxy-based laminates containing an 
initial delamýinafion. 
2.2.5 Dclamination Detection 
in order to determine the extent of existing internal delamination damage a number of 
non-destructive tools have been developed. These tools may be classified into two 
distinct groups; non-contacting 'visualisation' methods that allow a plan-view or 
"footprint' of the damage to be viewed and 'activation' methods that use some form of 
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structural excitation or loading to be applied, from which the state of the damage may be 
deduced. 
* Visualisation Methods 
The most common and well established of these is conventional ultrasonic C-scan in 
which the surface of the composite is scanned using a transducer (in either through- 
transmission or pulse-reflective mode). Although effective, this type of testing can be 
time-consuming since the transducer must scan the whole surface of the specimen. By 
scanning the whole surface it is possible to build a 2D image of the shape of any 
delarninations present in the specimen. Strictly speaking, the ultrasonic C-scan is a non- 
contacting NDT tool but the drawback is that the specimen to be examined must be 
immersed in a medium such as water in order to transmit the ultrasonic waves. This fact 
largely renders it a laboratory based tool, however, portable kits do exist for on-site 
inspection of damage, but have the drawback that they require a constant jet of water to 
be aimed at the specimen while the transducer scans the area of concern. 
Other common methods that allow delamination damage to be visualised include, X- 
radiography and laser ultrasonics. These tools can be used for the routine maintenance of 
local areas of structures that are prone to damage, however, due to accessibility issues 
they are not well suited to the routine health monitoring of large structures. Furthermore, 
as discussed by Hung (1982), these methods only reveal the presence of a defect, they do 
not provide any information regarding the criticality of the flaw and whether or not the 
flaws weaken the structure. 
Activation Methods 
Activation tools allow the damaged state of a structure to be revealed by activating the 
structure in an appropriate manner and looking for regions in which the observed 
response is discontinuous. These methods generally use non-contacting whole field 
optical methods to examine the area of interest such as thermography, Shearography and 
Electronic Speckle Pattern Interferometry (ESPI). For all these methods the choice of 
loading adopted is paramount since not all loading conditions may sufficiently excite the 
damage for it to be revealed. 
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Thermography, as presented by Mlne and Reynolds (1985) uses thermal excitation to 
reveal subsurface defects such as dclaminations. The technique is based on the effects 
that occur when a material is subjected to a pulse of heat on one of its external surfaces. 
The damage is revealed using thermal imaging to reveal a 'wavefront' of heat. 
Optical methods reveal the presence of delamination damage by comparing the optically 
determined deformation fields of mechanically loaded and unloaded specimens. These 
methods include Electronic Speckle Pattern Interferometry, (ESPI, also known as TV 
Holography) and Shearing Interferometry, (also known as Shearography). These are 
non-contacting whole-field optical techniques for displacement and strain determination. 
The property of optically rough surfaces to produce laser speckle is utilised in 
conjunction with a number of different optical systems to form fringe patterns. ESPI, 
originally attributed to Leendertz (1970) is now a broad term recognising any form of 
whole-field metrology that takes advantage of speckle effects. Shearography as 
presented by Hung (1982) is capable of measuring surface displacement derivatives, 
while ESPI as presented by Wykes (1982), Petzing and Tyrer (1998) is capable of 
measuring actual surface displacements. The fact that shearography directly measures 
surface strains and that the results are relatively immune to ambient vibrations makes it 
particularly attractive from a practical damage detection perspective. Both methods, 
however, require the specimen to be loaded in order to reveal the discontinuities in the 
displacement gradients that indicate the presence of a sub-surface defect. This may be 
achieved through thermal, static or vibration loading. 
A recent contribution by Huntley (1998) reviews the advances in automated 
fringe pattern analyses, while Hung (1982) gives a practical example of how 
shearography and an applied partial vacuum loading is used to identify ply separation in 
vehicle tyres. 
Silva, et aL (1994) compared ESPI and shearography methods in detecting internal 
delamination damage in carbon fibre laminates. The research involved the investigation 
simulated artificial delarninations in CFRP panels using both thermal (5-10 *C) and 
vacuum (100mb) loads. The simulated delaminations were created using TeflonID and 
aluminium. inserts. A finite element model was also developed to corroborate the 
experimental results and a close agreement between the two was reported. 
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Richardson, et aL (1998) used vibration excitation and phase-stepping ESPI to locate 
delaminations in GFRP composite laminates. Comparison of the results with destructive 
testing and ultrasonic C-scan demonstrated a promising correlation. Richardson 
concludes that since the fringe data is automatically read, manipulated and displayed 
using a computer, the potential exists to automatically quantify the damage and alert the 
operator to the need to make further decision, thus opening the door to automated NDT. 
Coggrave (2002), successfully used ESPI to verify the presence of a 50mm. x 50mrn 
square delarnination located at a depth of 0.75mm. in a 1.5mm thick CFRP panel subject 
to vacuum loading. The delarnination was artificially introduced as a Teflon" insert, the 
presence of which, had been independently verified using ultrasonic C-Scan. 
Chiang, et aL (1982) describes how the subjective laser speckle method has been used to 
identify the presence of damage in composite laminates. In the first case, delaminations, 
are identified by loading a composite plate in bending, while the second case examines 
how the presence of air bubbles in a composite was detected under vacuum loading. 
So far, a delamination has only been considered with respect to laminated composites. If 
a delamination is defined as a region of local debonding between two previously bonded 
surfaces, then a range of other applications may be considered. Chan, et aL (1997) used 
an improved digital speckle correlation method for the NDT of delaniinations in layered- 
structure microcomponents, such as multi-layer ceramic capacitors (MLCs). An 
electrically induced thermal loading was developed in the capacitor. S. Liu, et al. (1997) 
also investigated delaminations in electronic components. In this study, the size of 
delaminations in plastic packages, such as those used for power control circuits in cars, 
aeroplanes and ships were estimated using Moird gratings replicated at high 
temperatures onto the cross sections of two delaminated plastic packages. Unlike most 
of the previous work, which examined the response in plan-view, this approach studied 
the response of the cross-section containing the delamination. A finite element model 
was also produced to corroborate the experimental results. 
Silva Gomez (2000), developed the work of Silva, et aL (1994), by using ESPI and 
shearography techniques to determine the presence of delamination between a thermally 
sprayed ceramic coating and a brass substrate. Toh and Chau (2000), used a Digital 
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Speckle Shearing Intcrfcromctcr (DSSI) on the outside surface of a prcssurised mild 
steel pipe to detect internal corrosion damage. The damage was represented by 
machining both square and circular flaws on the internal surface of pipe. While the 
optical images indicate the footprint of the flaw, the authors propose using a simple 
design curve relating the maximum slope and the dimensions of known cracks to assist 
in predicting the depth of the flaw. 
A free vibration approach was adopted by Hou and Gcronimidis (1999) to study the 
cffect of low-velocity impact induced damage on the natural frequencies of thin 
composite laminated circular plates. The results were verified with a finite element 
analysis of the plates containing delarnination damage. 
Although the above methods may be used, to different extents, in industry it must be 
noted that these methods generally only allow damage to be 'visualised'. In other words, 
only a footprint of the damage is revealed as a visible and distinct discontinuity in the 
expected deformation field. However, this is not sufficient to determine whether the 
damage is malignant or benign. Without this information the engineer must manually 
build an analytical model (often with incomplete data regarding the damage such as the 
depth of the delamination) to predict the residual properties of the component. Given 
this incomplete data an analytical model will contain significant uncertainties and in 
practice the analyst will resort to simple design codes or rules-of-thumb to decide if the 
residual properties of the structure have been dangerously compromised by the damage. 
However, if the full delarnination parameters were known such as the depth, a more 
scientific approach to damage assessment may be undertaken. 
Ishak. el aL (2001) attempted to fully resolve a delamination in a carbon-epoxy 
composite laminate in terms of location, depth and length using an adaptive Multilayer 
Perceptron Network (MLP) that was trained using analytical data obtained from the 
Strip Element Method (SEM). After a period of training, the network was tested using 
dynamic displacement responses from an actual delaminated. beam and cyclically 
retrained until the actual predicted delamination matched that of the experimental beam 
within a given tolerance. 
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2.2,6 Optimisation of comp! 2sitc materials 
The design of structural components is generally a manual operation in which a designer 
uses a combination of previous experience and numerical models to develop a design 
that meets the particular geometrical and structural constraints. A good design, from a 
technical perspective, is one in which the geometry and the material choice meet the 
products structural specification. This approach to engineering design is one in which 
the maxim, 'if it works it is good enough' holds true. In the case of design VAth 
traditional materials such as steel and aluminium, this labour-intensive method is 
feasible, since the number of materials from which the designer may choose is 
essentially limited to a handful of off-the-shclf material grades, whose relative material 
properties vary only moderately. Thus, the role of the designer is to select a design from 
a manageable number of variables. In most cases, knowledgc-based precedents to help 
guide the decision do exist. However, when composites are considered in the design 
process, whose material properties can be tailored to suit the application, the number of 
material properties theoretically becomes infinite. At this point it is very difficult for a 
designer to manually design a good solution, never mind an optimal one, since the 
number of variables are too large to manage. Since composites arc widely used to reduce 
the weight of products and the raw materials for composites are significantly more 
expensive than their metal counterparts, it is clear that any design must seek to optimise 
their use, in terms of weight, cost and structural integrity. At this point, the maxim now 
becomes, 'if the design not optimal it is not good enough'. Therefore, it is not surprising 
that developing automated tools for the optimal design of composite structures have 
become an area of significant research interest. 
Of particular interest in composite design is the question of how to best design a 
laminate stacking sequence in order to optimise the performance of the laminate under 
given constraint conditions. The variables to be solved may include; laminate wall 
thickness, the number of plies, the thickness of each ply and the orientation of each ply. 
In practical laminate design, all of the above variables are discrete variables and 
therefore do not lend themselves to solution using traditional gradient-based function 
optimisers. The modification of a continuous function optimisers to accommodate 
discrete variables by rounding-up will inevitably lead to sub-optimal solutions and high 
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levels of uncertainty. It is not therefore surprising that there is little literature that 
addresses the use of gradient-bascd optimisers, to in this area. 
Up until the early 1990's optimisation of composite structures primarily involved the 
minimisation of an objective function using non-lincar programming techniques. The 
effecfivcness of these methods depends on the characteristics of the design space, which 
in turn is determined by the objective function and the design constraints. For well- 
derined convex and continuous landscapes, the traditional gradicnt-bascd algorithms 
work well. HoNvevcr, the design variables for composite optimisation problems are often 
a mix of discrete, continuous and integer values. Under these circumstances, gradient- 
based solution may not be implemented at all or converge to local optima. As such, they 
arc not robust since they may require many initial guesses to locate the global optimum 
(if at all). 
Some research effort has been devoted to designing stacking sequences of composite 
plates. In response to the discrete nature of the problem, integer programming strategies 
based on the branch and bound algorithm of Garfinkel and Nemhauser (1972) have been 
adopted. In the case of buckling failure a linear formulation of the problem has been 
developed by Haftka and Walsh (1992). However, designing an optimal composite 
laminate is generally a non-linear integer programming problem, Le Riche and Haflka 
(1997). Hajela and Shih (1989) used a modified branch and bound method to optimally 
configure a cantilever composite beam for minimum weight Nvith constraints on strength, 
displacement and natural frequencies. 
Because of their low cost and availability continuous optimisers have been used 
to solve stacking sequence problems. These procedures have limitations since realistic 
problems, involving both in-plane and flexural responses are nonlinear functions of the 
number of plies, ply thicknesses and fibre orientations. Therefore, according to Le Riche 
and Haftka (1997), continuous optimisation strategies may get trapped in local optima. 
Furthermore, composite laminate design is characterised by many optimal or near 
optimal solutions in which different solutions may produce very similar structural 
responses. Additionally, traditional design approaches only yield a single solution at the 
end of the analysis. Evolutionary methods can address many of the problems highlighted 
above and offer a good potential for composite optimisation strategies. 
25 
Chapter 2: State of the Art: A Literature Review 
The recent review of traditional methods for solving composite laminate optimisation 
problems including a presentation of linear integer programming, which was previously 
the most common composite optimisation method, is presented in the book by Gurdal, et 
aL (1999). The examples given are well suited to solving a limited number of simple 
geometry components such as plates. In later chapters, the use of genetic algorithms is 
presented as a robust tool for composite optimisation problems. 
The issue of shape optimisation of composite structures with holes has been addressed 
by Muc and Gurba (2000) in which a gcnetic algorithm is uscd to optimisc finite elcment 
models of plates Nvith parametrically defined holes. 
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2.3 Structural Inverse Problems 
2.3.1 Introduction 
Inverse techniques have been applied to numerous engineering problems in diverse 
fields of research. In particular, they arc used extensively in heat transfer problems and 
the modelling of magnetic ficlds. Here wc: arc concerned with inverse analysis when 
applied to structural problems. 
In structural analysis, the "direcf' or "forward7 problem consists of determining the 
"response" of a structure, discretised into elements (of defincd geometry and matarial 
properties), to external inputs. Consider the matrix relationship of Equation 2.3-1, 
between the unknown "response" of each element, (U), the "causes" of this response, 
(P), and the "system" matrix [S] defining geometry and material(s). 
(P) =IS] (U) 
Equation 23-1 
Generally, the above expression leads to a weil-defined solution and represents the vast 
majority of structural problems as solved by the FE method. In a conventional analysis, 
the responses, [U), represent displacements calculated for a given stiffness matrix, [S], 
from a prescribed set of boundary conditions, (P). Now consider that either the causes, 
If), or the system, [S], are unknown and to be determined from the response (U); this is 
termed an "inverse" problem. If (P) contains unknowns, the problem belongs to the 
category of inverse problems of the I" kincL Alternatively, if the stiffness matrix, [S], 
contains unknowns, this belongs to the category of inverse problems of the 2 nd kind, 
Laermann (1998). Problems that involve determination of material properties or some 
geometrical parameters such as the length of a crack belong to this category. 
Determination of the Young's Modulus, (E), of a material in the standard tensile-test is 
an inverse problem of the 2d kind in its simplest form. Since there are normally more 
elements in the system, [S], than there are in the response, (U), inverse problems of the 
2nd kind may be under-deterministic. The additional information required may be 
obtained from further (unequivocal) testing, or by constraining the solution (based on 
scientific experience). 
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Inverse techniques related to the mechanics and fracture of solids and structures is 
presented by Kubo (1988). After presenting an overview of inverse methods and their 
characteristics, a number of practical applications are described including; crack 
measurements using the electric potential computed tomography (CT) method, the 
determination of stresses and strains within a body and the identification of forces acting 
in a domain from incomplete data. Further examples that are cited are an investigation 
into the characterisation of acoustic emission (AE) signals and parameter cstimation, in 
which the parameters of a structure are determined from the response of the structure 
under loading. The author concludes that optimal structural design may also be defined 
as an inverse problem and that the environment for inverse approaches is being 
improved by the advances in computers, computer-aided measurements and artificial 
intelligence (AI) based technologies. 
Maniatty, et aL (1989) used the finite element method and the regularisation technique 
to solve the inverse problem of calculating boundary tractions and displacements using 
experimentally determined displacement data taken from a finite number of internal 
points in an clastic body. 
System identification is a subset of inverse problems in which the state of a structure is 
deduced from its response to a single or multiple load cases. As such, it can be a useful 
tool for determining the damaged state of a structure. The research works presented here 
can be classified in terms of the loading condition, dynamic or static. Dynamic methods 
use a dynamic or vibration excitation as system input with natural frequencies and mode 
shapes as response output. Static methods use a static input and vectors of structural 
displacement, stress or strain as measured output. 
The system identification methods can also be classified further into those that consider 
the analytical model to be geometrically linear or nonlinear. In the former, the analytical 
model in matrix form remains constant during the iterative process and differences in the 
state of the model are represented by some change in the matrix coefficients. 
Geometrically non-linear methods consider those in which the form of the analytical 
model matrix changes at each iteration. 
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2.3.2 
- 
Dynamic System Identification 
Early system identification techniques were developed in order to validate analytical 
models; Berman and Flannclly (1971), Collins, et aL (1974), J. C. Chen and Wada, 
(1975), Targoff (1976), Baruch (1978), Baruch and Bar Itzhack (1978), Baruch (1982), 
Berman and Nagy (1983), Baruch (1984), Kabe (1985), Kuo and Wada (1987), Caesar 
and Peter (1987), Kammer (1988), Smith and Beattie (1991), Fritzen (1991). 
Much of this research was conducted to help validate NASA's analytical models 
for predicting modal responses in satellite structures. The reason for this being that, 
dynamic loads are the governing design consideration in aerospace applications. 
Coefficients in the stiffness and/or mass matrices of analytical models were modified so 
that the final model more accurately represented the experimentally observed response. 
Caesar and Peter (1987) surnmarise that the works in the field fall into two categories. 
(1) Update methods in which the dynamic mathematical model is improved on the basis 
of the measured data using linear least squares or least squares/sensitivity strategies, (2) 
Direct identification methods in which the time domain or frequency domain test data is 
used to construct modal and physical mathematical models of a structure. 
J. C. Chen and Garba (1988) recognised that the aforementioned dynamic system 
identification methods can be used to detect damage in structures, rather than just 
validating an analytical model, since the damage may be represented by reduced 
coefficients in the stiffness matrix. The minimum deviation approach was employed, 
wherein the Euclidean norm of the matrix representing the perturbation of the analytical 
stifflness matrix due to structural damage is minimised. By picking out the degrees of 
freedom (DOFs) with non-zero components in the residual force vectors, the damage 
locations can be identified. The method is limited because it is difficult to deduce the 
actual damage from changes in the stiffness matrix. 
2.3.3 Damage Detection using Vibration Resl2gnse Data. 
One class of damage detection method that has received considerable interest is that 
based on the alteration of the vibration characteristics of structures when damage occurs. 
Methods based on modal analysis are considered advantageous because the modal 
parameters depend only on the mechanical characteristics of a structure and not on the 
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excitation applied. In addition, it has been demonstrated by a number of authors that the 
structure can be represented by measurements taken at a single point only. 
In one of the first works in this field, Adams. el aL (1978), proposed a vibration 
technique for non-dcstructive testing of one-dimcnsional components based on the fact 
that damage reduces the stiffness of a structure and thereby changes the natural 
ftequency. It was argued that, since the stress distribution in a vibrating structure is non- 
uniform and is different for each natural frequency, any localiscd damage would affect 
each modc differently, depending on the particular location of the damage. Therefore, 
comparison of natural frequencies measured at a single location and the use of a closed- 
form analysis allowed cracks to be located and sized. The method was discussed with 
respect to damage in simple bar structures, including aluminium bars containing fatigue 
cracks, GFRP tubes that contained crush damage and an automobile camshaft. The 
research %-, -as continued by Cawley and Adams (1979) for two-dimensions using the 
finite element method and a sensitivity based analysis to determine the sensitivity of the 
natural frequencies to damage in the form of single holes and cracks at any point in plate 
structure. Similarly Stubbs and Osegueda (1990) attempted to identify damage (defined 
as an element of reduced stiffness in a finite element model) in a simply supported beam 
using a method based on the sensitivity of natural frequencies at a point in the beam. 
Yuen (1985) was critical of the sensitivity based approach of Cawley and Adams 
(1979), citing the considerable computing time required, and conducted a parametric 
study using a finite element model to understand the effect of transverse cracks on the 
dynamic response of a box section cantilever beam. Gudmundson (1982) used a 
perturbation method that predicts the changes in natural frequency of a structure 
resulting from cracks, notches and other geometrical changes. Using this method it is 
possible to derive a relationship between changes in natural frequencies and the size of 
defects. 
The effect of single and double cracks on the natural frequency of vibrating beams has 
been investigated by Ostachowicz and Krawczuk (1991), in which the cracks are 
represented as zero mass rotational springs. Rizos and Aspragathos (1990) present a 
method of identifying transverse cracks in beams by exciting the beam at a natural 
frequency and measuring the amplitude of vibration at two locations. Later, Shen (199 1) 
developed an algorithm based on the minimisation of an objective function representing 
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the difference in expcrimcntal modal response and the corresponding predictions from 
an analytical model. The objective function is minimiscd using a quadratic programming 
approach. 
A method for identifying cracks in a simply supported uniform bearn using the variation 
of the first two natural frequencies, in which the cracks were simulated as a linear spring 
%%zs developed by Narkis (1994). Hu and Liang (1993) propose a two-stagc approach 
that uses modal data to identify multiple cracks. In the first stage, a continuum damage 
model is used to identify the discretised elements of a structure that contain cracks, 
while the second stage uses a spring element damage model to quantify the severity of 
the discrete crack in each damaged element. The method is demonstrated using a simply 
supported beam containing two cracks. 
Montalvao e Silva and Araujo-Gomes (1994) posed the identification of two 
simultaneous cracks in a beam as an inverse problem and used modal data from a free- 
free beam with the cracks represented in the analytical model as rotational springs. More 
recently, N. Hu, et aL (2001) implemented a two-stage algorithm that uses modal data to 
detect and quantify damage in a structure, with the algorithm based on a subspace 
rotation algorithm. 
Ruotolo and Surace (1997) observe that, in those methods based on the minimisation of 
an objective function, the function may exhibit local minima which may result in the 
inaccurate identification of the damage. An approach based on the use of genetic 
algorithms is presented to overcome this problem. A year earlier, Mares and Surace 
(1996) explored an approach for the damage assessment of truss structures using modal 
experimental data, a genetic algorithm and the residual force (equation-error) method. 
2.3.4 Eauation-Error and Outr)ut-Error Methods 
An important paper by Hajela and Soeiro (1990), proposed the output error method of 
structural identirication to detect damage in truss structures using the difference between 
the predicted and measured response of the structure. The approach used both dynamic 
and static experimental response data. Rather than returning a matrix, the method returns 
actual element variables that represent the stiffness of the element. Damage is therefore 
31 
Chapter 2: State of the Art: A Literature Review 
quantified by comparing the damaged variables for each element with those of an 
undamaged model. The problem is fon-nulated as an unconstrained optimisation problem 
and is solvcd using itcmtive non-lincar progmmming tcchniqucs. 
In thcir rcvicw papcr, Hajcla and Sociro (1990) comparcs the output- and cquation-mor 
approaches to damage detection in which structural damage can be found by formulating 
the problem as an unconstrained optimisation problem 
Equation-Error 
81 
Equation 2.3-2 
Where Ky are the elements of the stiffness matrix that must be identified, fj denotes the 
ih load component and x. 1 is the jh component of the measured static displacement 
vector. Minimisation of this function is achieved by iteratively changing individual 
values of the stiffness matrix Ky. 
Output-Error 
E=F 
,F , Ij 
Equation 23-3 
Where, y. is a vector of system output measured experimentally, y,, is the corresponding 
vector of system output determined from the analytical finite element model. 
Superscripts i andj refer to the component of the system output vector and the load 
condition respectively. 
2.3.5 Static System Identification 
It is clear that the literature concerning dynamic loading is extensive. Vibration testing is 
the most common method of dynamic parameter identification in structures, but there 
are still some limitations with this approach. Sanayei and Nelson (1986), argue that, 
"rhe inability (of dynamic methods) to adequately treat damping and the lack of any 
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rcliabic algorithm for the Wntification of clcmcnt stiffncsscs of structural elements are 
compelling reasons for directing research efforts to the much simpler static problem in 
an effort to develop a technique for identifying the stiffness at element level". Sanayei 
and Onipedc (1991) continue to state that dynamic testing, which requires the use of the 
mass, stiffness and damping propcrties, is more complicated than a static method, which 
only uses the stiffness matrix. 
The previous works indicate that the vibration modes closely characterise the global 
behaviour of the damaged structure. However, the vibration modes may be difficult, to 
measure and only the first few modes arc usually available, making it less likely that the 
method can focus in on local damage. In contrastý since static response is relatively easy 
to measure, it is expected that the stafic approach will yield good results. Furthermore, 
an analytical model for a static analysis is simpler to solve than a dynamic one, and may 
be expected to be computationally less demanding. The drawback of the static approach 
is the large number of sensors or test loads needed to fully describe the damage. 
Many of the works discussed below adopt either the cquation-error or output-error 
methods and an appropriate minimisation technique. 
Among the firstworks on static system identification was Sheena, et aL (1982). In this 
research the stiffness matrix was improved to better fit the observed experimental data. 
This was achieved in a closed form minimisation method that used deflections from 
k-no%vn loading as constraints in the correction process. 
Sanayei and Nelson (1986) proposed an equation-error approach to solve damage in 
truss structures at the element level using the finite element method. The response data 
used were vectors of displacement data from multiple load cases and a sensitivity 
analysis was used at the heart of the iterafive scheme. In the approach, damage in the 
truss was represented by a reduction in individual element stiffnesses. A method was 
also proposed for condensing out unknown degrees of freedom that allowed incomplete 
sets of experimental data to be used, i. e. in those cases where the number of linearly 
independent measurements is less than the number of unknown structural parameters. 
Later, this work was extended in Sanayei and Onipede (1991) so that structural response 
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mcasurcmcnts could bc takcn at a diffcrcnt subsct of dcgrccs of frccdom (DOF) than the 
applied load DOFs. 
Hajcla and Sociro (1990) presented an output-effor method of damage detection at the 
element level in truss structures using both modal and static displacement data. Damage 
in each element was represented as a design variable, which was used to multiply the 
extensional modulus of that element. The damage variable for each element was found 
by solving the resulting unconstrained optimisation problem. 
Similarly Banan, et at (1994a), (1994b), used an equation- and an output-error 
method to resolve damage in finite element truss structures using a numerical 
simulation. Simulated experimental output in the form of nodal displacements was 
adopted The problem Nvas formulated as a constrained Icast-squarcs problem and the 
design variables found using a quadratic programming mctho(L 
In the above works, the state of the structure (in terms of element stiffnesses) was 
obtained using a measured response in the for7n of nodal displacements. It must be noted 
that measuring displacements using a mechanical contact technique such as dial gauges 
on full-scale structures can be a difficult task, since a physical frame of reference must 
be established. A much cheaper alternative proposed in later papers is to measure the 
structural response using electric strain gauges. This approach was addressed 
simultaneously by Pci-Ling Liu and Lin (1996) and Sanayci and Saletnik (1996a), 
(1996b). The former attempted to identify the flexural rigidities of the elements of a 
beam structure using the equation-error approach, while the latter continued the authors 
previous work on damage in truss structures. A year later Pei-Ling Liu and Chian (1997) 
and, SanayeL et al. (1997) both published additional investigations into damage in truss 
structures using measured strain data. 
2.3.6 System Identification for Compgsite Materials 
Some authors over the last ten years have attempted to apply identification techniques to 
composite materials, both to predict damage and to accurately predict the material 
properties for an analytical model. 
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In Sanayci and Scampoli (1991) the parameter idcntirication technique previously 
described in Sanayci and Nelson (1986) was developed to recover the constitutive 
matrix of three-dimensional orthotropic plate bending elements from static test data. The 
aim was to use the method on a one-third scale model of a reinforced concrete bridge. 
Two years later Soeiro and Hajela (1993) published results of investigations into the 
detection of damage in composite structures using the output-error method and classical 
laminate theory. Static dcflections, strains and vibration modes were used as the 
measured response for the investigation and the damage was represented as a reduction 
in element stiffness in the finite element model. 
A vibration based identification problem was presented by Abrate and Perry (1998), in 
which the elastic properties of a fibre-reinforccd composite were identified from the 
measured response. Simultaneously, Ratcliffe and Bagaria (1998) presented a vibration 
method for detecting dclaminations; in a composite beam. Unlike most existing vibration 
methods, the paper claims that the method works without a reference analytical model. 
Recently, Cunha and Piranda, (2000) used dynamic data and a sensitivity-based model 
updating method to identify the stiffness properties of a composite tube. 
Clearly, if inverse problems can be solved by formulating them as optimisation 
problems, it is reasonable to believe that they can be solved using the same tools that are 
used to solve design optimisation problems. This has been recognised by Rodic and 
Gresovnik (1998) inwhich a general-purpose computer system for solving inverse and 
optimisation problems is presented. In this work, the ELFEN FE package is incorporated 
into an iterative inverse algorithm for the solution of inverse and optimisation problems 
in the f ield of solid mechanics. The paper describes a process that is similar in concept 
to that presented in this thesis but differs in the implementation and does not use a 
genetic algorithm in the optimisation shell. Reportedly the system has been successful in 
many practical cases including; the optimisation of prestressing of cold forging dies, the 
inverse identification of hardening parameters in plasticity and the optimisation of pre- 
form shapes in forging. 
All engineering problems may be formulated as an optimisation problem and therefore 
the number of potential applications may be infinite. If optimisation is to be readily 
adopted by engineers it is necessary that the tools that they use strike a balance between 
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being sufficiently flexible to be applied to as %vidc a range of problems as possible, but at 
the same time making full use of those methods that are common to all problems. 
In structural analysis the finite element method is a common tool that can model 
a widc range of analyses. These packages are complex pieces of software with many 
thousands of man-hours invested in their development, to produce what arc largely very 
uscr-fricndly and widely applicable applications. Increased complexity, that is only 
required by some users, may be introduced by the production of factory-developcd add- 
ons. For example, the topology optimisation module MSC/CONSTRUCT for 
MSC/NASTRAN as described in Sainak (1999). Alternatively, increased flexibility 
based around a core application can be achieved by incorporating a user programmable 
interface that allows the user to access the applications database and core functions and 
to customisc them as appropriate. Sainak (1999) described how the LUSAS FE package 
could be customised using a user programmable interface. The syntax of the language 
was based on the C programming language and allows parametric modelling. After 
derining an initial model, the scripting language can be used to develop a command file 
to regenerate data files for variable dimensions and attributes. Graphical menus and on 
screen forms can be added to allow engineers to enter data and build models of different 
structural dimensions and properties'with the minimum of effort. 
Similarly, Morris (1999) uses a UNIX C shell script program supplemented with 
FORTRAN coding to interface with the ANSYS FE package. The paper presents a 
number of examples, including the analysis of a pressurised water reactor, to 
demonstrate that improvements in analytical performance can be achieved by more 
efficient use of existing finite element sofhvare. 
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2.4 Genetic Alp-ori(hms 
2.4.1 Introduction 
Genetic Algorithms, or GAs, are an attractive and powerful class of numerical tool for 
solving problems that require the efficient search of a solution domain. This 
attractiveness is demonstrated by the numerous textbooks and research papers dedicated 
to them and their applications, which have appeared over the past twenty-six years. 
Modem genetic algorithms developed from the seminal work of John Holland published 
in the book, Adaptation in Natural andArtificial Systena, Holland (1975). Holland was 
interested in developing mathematical models for describing adaptive change in a 
variety of environments and parallels were drawn between the way in which organisms 
in the natural world evolved to suit their environment and the solution of numerical 
problems. 
The methods have proved to be particularly effective in generically difficult 
optimisation problems where the design space may be non-convex and in problems 
where the solution(s) may be determined in terms of a mix of continuous, discrete and 
integer variables, Hajela, and Lee (1996). Justifiably, GAs have become synonymous 
, with function optimisation, although it must be recalled that the canonical GAs were not 
specifically developed for this application. De Jong (1992) notes that there is a subtle yet 
important difference between "'GAs as function optimisers" and "GAs are function 
optimisers". With this in mind, it is important to say that where GAs are used in this 
N%vrk the emphasis is on the former definition. 
Following on from the work of Holland, Goldberg (1989) is an often-cited book in 
which the fundamentals of GAs, up to that date, are well presented for any student 
wishing to learn the fundamental principals of evolutionary algorithms. The text presents 
the main characteristics of GAs and in his presentation of schema theory gives a concise 
theoretical explanation of the why they are so efficient. Later chapters of the bool 
discuss the application of evolutionary algorithms to machine learning. 
Goldberg cites over 350 references covering the early investigations into GAs up to 
1987. Of these early cited works, a high proportion were produced by a relatively small 
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community of researchers; J. Holland (43 works), D. Goldberg himscif (29), J. J. 
Grcffcnstcttc (11), L. Davis (9), and K. A. Dc Jong (8). In the past fourteen years the use 
of GAs has become more widespread with researchers in all fields of academic interest 
using them as function optimisers, pattern rccognition. algorithms and to model adaptive 
systems. 
The central idea of GAs is that initially random populations of numerical solutions to 
real-life problems evolve to adapt to the constraints of the problem and continually 
improve. Since all rcal-lif: systems are subject to change over time the potential for a 
robust model applicable across all disciplines is clear. Indeed, although GAs are used in 
engineering and scicntific, disciplines they arc also used in a diverse set of other 
disciplines. 
King. el at (1997) used a GA to optimise the operation of a rivcr/rcscrvoir system for 
maximum economic return and demonstrated the effectiveness of the method based on 
the Rio Grande project in southem New Mexico. Yamada and Nakano (1997), 
investigated the use of GAs in job-shop scheduling in which shared resources are to be 
shared over time between competing activities with the aim of maximising output or 
profit A GA for determining the location of impacts on a beam using the dynamic 
response from an array of stmin gauges was demonstrated by Doyle (1994). Matous, et 
al. (2000) used a GA to determine the minimum cost of a reinforced concrete beam 
loaded under three point bend conditions and subject to deflection and bending moment 
constraints. The same paper also addresses the application of a GA to determine the 
optimal value of fibre pre-stressing in a composite laminate. 
The use of GAs to solve inverse problems was specifically addressed by Wood (1995). 
In this work the author describes the use of the GAIA software, which combines a GA 
with a finite element code, for the solution of 2D thermal inverse problems. For the 
problems addressed, good results Nvere reported by sampling just 3x 10-4% of the total 
solution space. The ability of GAs to fully sample large solution spaces with only a 
relatively small number of function evaluations is a recurring theme. Le Riche and 
Haftka (1997) report that optimal designs for laminated plates can be reliably optimised 
with 1450 analyses from a total solution space of around 4 billion. 
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An inherent characteristic of genetic algorithms is that while they describe an overall 
and general methodology for the solution of difficult optimisation problems, they also 
have much scope for being tailored to the particular problem at hand. In most 
optimisation problems, a-priori knowledge may be available to guide a search algorithm 
towards profitable areas of the solution domain or to ensure uniqueness of a given 
solution. A-priori knowledge, therefore may can help the GA become more ciTicient or 
increase confidencie in the results. A priori knowldcgc can be incorporated into the 
fitness function as a penalty tenn, problem-spccific genetic operators or enforced via the 
encoding of the solution variables as chromosomes. Grcffcnstette (1987) addressed how 
problem specific a-priori knowledge could be incorporated into a GA for the solution of 
the classical Travelling Salesperson Problem (TSP). The methods investigated included 
seeding the initial population, problem specific genetic operators and local searches in 
the vicinity of better individuals. 
The increased interest in genetic algorithms could not have developed without the recent 
advances in computational power that is now available on even moderately priced 
desk-top PCs. The very fact that GAs offer a broad methodolgY for the solution of 
optimisation problems, yet offer a great deal of scope for problem-specific 
customisaflon, makes it very difficult to produce a robust software tool capable of 
solving all problems across a wide spectrum of disciplines. The situation is further 
complicated by the need to interface the GA with often very different function 
evaluation routines. Consequently, widely available GA software is somewhat limited, 
with many researchers prefering to develop their own problem-specific GA codes. 
Indeed, the programming of the GA is relatively simple with respect to the programming 
of the function evaluation routine. Among the more commonly used general GA 
software tools are GENESIS, Greffenstette (1990) and the MATLAB genetic algorithm 
toolbox, Chipperfield, et at (1994). 
2.4.2 GAs for the Solution of Structural Identification and Tnverse Problems 
An increasing number of researchers have recognised the advantages of using GAs in 
system identification or parameter estimation problems. Recall that these can be 
considered to be a sub-class of inverse problem, since the state of the structure is 
deduced from some observed response using an appropriate analytical model that is 
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updated or optimised. The bcnefit of using a GA derives from the ability to produce a 
robust algorithm for solving the model that is less susceptible to converging to local 
minima. 
An important paper in the context of this research is Mares and Surace (1996) in which 
the dynamic damage detection problem for truss structures was addressed using a GA. 
The objective function incgrporates a modified residual forces vector and the damage is 
quantified in terms of a vector of stiffness reduction factors. The method was reported to 
give reliable indications of the location and extent of damage even in the presence of 
noise. 
Accurate identification of the elastic constants for composite materials may be 
determined by a series of standardised tests, however, it may be advantageous to 
determine the material constants using a single test. This problem was addressed in 
Cunha, et aL (1999), in which a parameter estimation method was solved using a GA to 
determine the tensile, bending and shear moduli. The method involved updating a 
dynamic finite element model to determine those parameters that gave a best-fit with the 
experimental data. 
GAs operate in the genotype space, which can be considered to be a pattern that 
represents the characteristics of the individual. Most genotype representations are string. 
like representations of a combination of integer, continuous and discrete variables. 
However, GAs do present the possibility of solving problems geometrically as well as 
parametrically. This has been attempted by Schoenauer, et aL (1997), who addressed the 
difficult identification problem of determining the distribution of mechanical inclusions 
in a continuum. An inherent difficulty with this problem is the fact that the distribution 
of the inclusions may be irregular and that consequently the FE mesh may change for 
each individual if it is to be an accurate representation. This means that the mapping 
between the genotype and the FE model is constantly changing. Schoenauer 
demonstrates how the difficulty can be overcome by using a Voronol type representation 
and modified genetic operators. 
The solution of inverse flaw detection problems using GAs to overcome the inherent 
weaknesses of traditional gradient-based models was further demonstrated in Louis, et 
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aL (1997). Here, a GA-based method was used to identify flaw shapes and reconstruct 
boundary conditions in a continuum. The fitness function was computed as the RMS of 
the differences between the experimentally determined structural and the calculated 
response values from the boundary element method. The authors conclude that despite 
positive and encouraging results, the computational effort involved was a disadvantage 
of the method and that it should only be used in those problems for which traditional 
mathematical approaches are inadequate. The paper ends by suggesting that GAs may be 
best employed when used in conjunction with traditional search and optimisation tools 
in a multilevel strategy similar to that proposed by Dulikravich, et aL (1999). 
The papers presented above demonstrate the general use of GAs in damage detection 
problems. However, the final paper discussed here Chou and Ghaboussi (1997) is 
considered important since it is directly related to the original work presented in 
Chapters 6 and 7. The method uses static loading conditions and the output-crror method 
to determine damage in truss structures. According to the authors, the response of a 
statically loaded structure is usually more sensitive and easily measured than that of a 
dynamically loaded structure. In the method, the geometry of the structure and the 
boundary conditions (and therefore the form of the FE model) is known. The unknowns 
that describe the damaged state of each element are the elastic moduli, cross sectional 
areas and the moments of inertia. Despite practical considerations limiting the number of 
displacements that can be measured, which introduce some levels of uncertainty into the 
result, experience has demonstrated that it is still possible to detect the approximate 
neighbourhood of the damage. 
2.4.3 GAs For Structural Ontimisation 
On investigating GA tools for the optimisation of structures, it is not surprising that 
much research effort focuses on the optimal design of truss structures. This can be 
explained by the fact that it is relatively easy to build a finite element model of such a 
structure and that the solution time is relatively short compared with real-life 3D 
structures. The same argument explains why so many inverse system identification 
methods for damage detection are also based on simple truss structures. Nevertheless, 
the application of a particular optimisation method to 2D or 3D trusses may give a good 
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indication of the suitability of a particular approach when applied to more complex and 
rcalistic 3D structurcs. 
9 Yruss Structures 
While most practical design optimisation problems require decisions that allocate 
resources in a manner that satisfies multiple and sometimes conflicting criteria, the bulk 
of the literature deals with the single criterion problem. A commonly adopted approach 
is to define a single objective function that is a weighted sum of all the objectives, where 
the weighting for each objective represents its relative importance to the other 
objectives. In recent years a number of authors have investigated multiobjective 
optimisation GAs based on techniques such as sharing, Goldberg and Richardson (1987) 
or a vector evaluated GA (VEGA) approach, Schaffer (1984). A more complete 
investigation of multiobjective GAs are available in Deb (1999), Fonseca (1995) and 
Fonseca and Flemming (1993), (1995). 
Hajela and Lin (1992) used a multicriterion GA and the FE method to minimise the 
weight and displacement of specified nodes in a 10 bar truss structure when loaded 
statically and dynamically. Three different methods were used to address the 
multicriterion problem. (1) The problem was formulated as a single objective scalar 
problem in which the objective function comprised of a weighted sum of each objective, 
with the weighting for each objective prescribing the relative importance of each 
criterion; (2) A sharing function approach, (3) A vector evaluated approach. 
Hajela and Lee (1995) present a method for solving a truss topology optimisation 
problem with the aim of minimising weight while satisfying structural design constraints 
in the form of member stresses, nodal displacements and element buckling. The 
approach is an adaptation of the ground structure method, in which the topology is 
defined from a master template containing all possible member locations. The structure 
is defined using a binary representation to indicate whether a member exists or not and a 
corresponding cross sectional area for that member. In order to overcome kinematic 
instabilities for some chromosomes, the method employs a two-stage optimisation. The 
f'Irst stage imposes kinematic constraints, while the second stage minimises, weight while 
imposing the structural stress, displacement and buckling constraints. 
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Cheng and Li (1998) describe a multiobjective GA method to determine a family of 
Parcto-optimal solutions to minimise the weight and virtual work of a 25 bar truss 
structure subject to stress constraints. 
Erbatur, el aL (2000), present the GAOS (Genetic Algorithm based Optimum Structural 
Dcsign), software package which allows truss structures using ID FE beam elements to 
be modelled. The authors note that, in their experience, GAs are successful at locating 
the region of the search space containing the global optimum, but not the true optimum. 
Consequently, they suggest a multilevel approach to the solution in which the search 
space for individual design variables in each successive level of the optimisation is 
reduced. The solution to this problem is in most cases to constrain the solution space or 
to perform some local search using a suitable gradient-based (if feasible) or stochastic 
search method, Dulikravich, et aL (1999). 
Hayalioglu (2000) presents a GA for minimising the weight of geometrically non-linear 
clastic-plastic steel frames. The analysis covers geometric and material non-linearity. 
it is acknowledged that the functions for minimum truss weight optimisation problems 
can exhibit local minima. As such this type of problem is an excellent benchmark test 
for comparative tests on different 'flavours' of GA, Greiner, et aL (2001). Greiner used 
the truss optimisation problem to systematically compare the effect of custornisations to 
a standard algorithm on the overall performance. These included the type of generation 
creation scheme and the type of bitstring representation. The ultimate aim of the 
research was to indicate those solution parameters that best suited truss optimisation 
problems. 
Many of the above truss optimisation methods concerned member size, configuration 
and topology as design variables. Deb and Gulati (2001) propose a real-coded genetic 
algorithm in which all three variables are incorporated subject to stress, deflection and 
kinematic stability constraints. 
* Composite Laminates 
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The application of GAs to the optimal design of composite materials is recent, but has 
been a fertile area of research over the past nine years. One of the first contributions, 
Callaghan and Weeks (1992) used a GA to optimise the lamina fibre orientations and 
stacking sequence required for maximum laminate strength/stiffness with minimum 
weight. In order to keep the computational effort to a minimum, a point stress analysis 
-, vas conducted using classical laminate theory, (CLT). The genotype representation of 
the laminate lay-up was a binary representation. In both cases the number of plies was 
fixed. The reported results show that where exact solutions are known, the converged 
solutions from the GA were in good agreement. 
The following year, the optimisation of a laminate Jay-up in order to maximise the 
buckling load was published, Lc Riche and Haftka (1993). This research first 
investigated the optimisation of buckling load and then buckling load subject to 
constraints on ply contiguity and strain constraints. Again, classical laminate theory was 
used to solve the direct problem that is necessary for evaluation of the fitness function. 
A new genetic operator known as 'permutation' was proposed specifically for composite 
laminate optimisation. In this operator, two points in the chromosome are randomly 
generated and the order of all the bits between these points is reversed. As in Callaghan 
and Weeks (1992), the number of plies is fixed, however the genotype representation 
uses real integer values between I and 4 instead of binary values to represent the 
orientation of each ply. The results show that an additional advantage of GAs over 
traditional methods is that the final population contains a family of sub-optimal, but still 
very fit solutions, which may give the designer additional configurations for 
consideration if for some reason the optimal solution is impractical. 
At the same time, Ball, et aL (1993) used the GENESIS system to investigate composite 
laminate lay-ups and Gurdal, et aL (1994) used a GA to optimise a more realistic 
structure that comprised of a composite panel with stiffening ribs. 
All of the previous works commented on the relatively large amount Of Computing time 
that was required for this type of problem. Indeed, since the works to date had only used 
CLT which is a relatively simple and fast analytical method for determining the 
structural response of the laminate, this is a valid concern given that the next logical step 
is to use finite element analysis to optimise more complex composite structures. 
44 
Chapter 2: State of the Art: A Literature Review 
In response to these computational concerns, Nagendra, et al. (1996) continued the work 
of Gurdal, et aL (1994) and investigated the effect of modifications to the basic GA for 
the minimum weight design of stiffened composite panels subject to stability and strain 
constraints. The following modifications were proposed: (1) a mutation operator in 
which the orientation of a ply can be changed with a given probability; (2) a permutation 
operator similar to that previously proposed by Le Riche and Haftka (1993); (3) 
Intralarninate swap in which two randomly selected plies are swapped over in the 
stacking sequence with a given probability-, (4) Interlarninate swap, in which two 
randomly selected plies are swapped between the stiffener and the panel laminated. 
Simultaneously Le Riche and Haftka (1995) published research into the minimum 
thickness design of composite laminates with a maximum strain failure constraint and 
also recommended the use of an intralaminate ply swap operator. 
Le Riche and Haflka (1997), continues to focus on tailoring the optimisation GA to the 
stacking sequence optimisation problem to improve the performance by the use of a 
constrained crossover, differentiated mutation and a stack-swap permutation. 
Performance of the GA is defined in terms of price where price is the number of 
analyses necessary to reach 80% reliability, which in turn is defined by averaging the 
results of 200 searches of 6000 analyses. The evaluation of each individual is calculated 
using CLT, which is a relatively cheap computational solution. Therefore, the method is 
amenable to a large sample statistical analysis of the performance as described. The 
paper also discusses an application of the improved GA to the minimum stacking 
sequence design of a moderately large wing box problem that was solved using an FE 
model which comprised of 32 nodes and 72 degrees of freedom. The paper concludes by 
stating that a specialised GA, is capable of optimising a composite laminate by sampling 
only 1450 individuals out of a total design space containing 4 billion. 
Recently some consideration has been given to the design of more realistic engineering 
structures using GAs. Tabakov (2000) has applied a GA to determine the optimum 
laminate design for pressure vessels using an exact elasticity solution subject to the Tsai- 
Wu failure criterion. Rajendran and ViJayarangan (2001) has applied a GA to the 
optimal design of a composite leaf spring. 
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In the case of design optimisation, it is important that the fittest individual in any one 
generation is not lost. This is generally overcome by the use of an elitist strategy, which 
is not part of the canonical GA, but operates by ensuring that the fittest individual is 
always maintained in the subsequent generation. Recently Soremekun, et at (2001) has 
proposed alternative multiple elitist strategies for the solution of composite laminate 
optimisation. These approaches are said to preserve more information about good 
designs from the parent population than the elitist strategy. 
* Integration of GAs and Finite Element Method 
S. Y. Chen (2001) describes the problems of integrating GA and the finite element 
method for optimising explicit dynamics problems such as impact modelling. The most 
obvious problem is that the computational effort for solving explicit FE problems rather 
than linear static analyses. Annicchiarico and Cerrolaza (2001) developed the custom 
GENOSOFT system for the optimisation of 2D and 3D truss and frame structures using 
genetic algorithms and the finite element method. 
Hajela (1990) presents the advantages of a GA based solution strategy over traditional 
gradient-based methods with respect to non-convex optimisation problems. Results are 
presented from a number of investigations into the minimum weight design of a ten-bar 
truss structure, a beam in tosion and a two beam grillage structure. In all cases the 
designs were subject to stress constraints. The GA was implemented in FORTRAN and 
linked to a finite element program via a series of pre- and post-processors. 
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2.5 Conclusions 
Tle literature in a wide range of fields has been presented here. Since the fields covered 
are diverse, a number of underlying conclusions relating the work documented above are 
summarised below. 
9 Composites exhibit a number of beneficial characteristics including high stiffness 
and strength to weight ratios. Consequently, traditional engineering metals need to 
justify their selection rather than automatically being considered the material of 
choice for structural applications in a range of industries. 
* The continued use of composites requires improved optimisation. tools and the ability 
to detect and quantify damage, which may be internal and therefore hidden from 
visual inspection. 
* The importance of delamination damage on the structural integrity of laminated 
composites is evidenced by the large number of research papers on delarnination 
damage. 
* Delamination damage may be accurately represented as a physical boundary or crack 
at ply interfaces using the finite element meth(A 
& The use of visualisation NDT tools does not provide sufficient information for a full 
diagnosis of the residual strength of a damaged component. This requires the use of 
an appropriate mathematical (FE) model that can represent the damage under in-situ 
loading conditions. 
e System identiflication methods such as the equation-effor and output-error approach 
can be used to determine damage in terms of reduced stiffness in truss structures. In 
particular, the output-effor approach is amenable to solution using genetic algorithms 
since it relies only on the difference in vectors of structural response ftom 
experiment and an equivalent finite element model. 
Both design optimisation and inverse activation-based damage detection methods 
can be formulated as GA optimisation problems. 
GAs have been shown to be particularly effective at searching numerical domains 
for an optimal point in large solution spaces by sampling a relatively small fraction 
of the total solution space. However, for relatively large problems the computational 
effort required in the function evaluation stage may be is an issue. 
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* The high computational effort required by GAs for the function evaluation of 
complex structure necessitates ongoing pure research into those parameters and 
formulations of GA that maximise performance. 
* GAs are a useful tool in solving inverse and optimisation problems in which the 
variables may be a mix of integer, binary and continuous variables. 
* Optimisation of composite laminate design can be considered a classical application 
for GAs due to the non-linear, discrete nature of the solution space. Research in this 
area was limited until the advent of genetic and evolutionary approaches. 
GAs provide a robust method for the solution of a wide range of optimisation 
problems while being flexible enough to be customised for a particular problem by 
incorporafing a-priori knowledge 
Through study of the literature it becomes clear that there are similarities between 
optimisation and inverse damage detection and quantification problems and this leads to 
a central theme in this thesis that a common tool might be developed that can solve both 
types of problem. Ideally this should be a black-box tool that is sufficiently robust that it 
can tackle a wide range of problems yet have sufficient flexibility that it can be tailored 
to specific problems. This is echoed in the work of HaRka (1992) in which he states that 
-one of the key problems of multidisciplinary optimisation is that it involves teams of 
engineers, each knowing little about the analysis and software tools available to the 
other disciplines. Indeed, because the software tools are commercial black-bar codes, it 
is common that engineers do not have a precise knowledge ofthe way codes in their own 
discipline work In such an environment it is important to develop interdisciplinary 
optimisation codes that require little modification to these black-bax codes". 
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CHAPTER 3: 
DESIGN OF A LAMINATED, CARBON FIBRE- 
REINFORCED 
BOOM 
3.1 Introduction 
COMPOSITE TELEHANDLER 
This chapter presents a novel industrial investigation that clearly demonstrates the 
potential performance advantages of adopting composite materials over traditional 
isotropic materials. The work represents a significant contribution and advancement in 
the application of fibre-reinforced composite materials. It also represents a quantum leap 
in the use of these materials in the industrial and agricultural vehicles industry, in which 
the use of steel as a structural material is the norm. As well as representing a new use of 
composites, the design process documented here illustrates many of the problems faced 
by the designer of such components in terms of the correct choice of manufacturing 
jnethod, selection of materials, geometry and material lay-up. 
Tie research deals with the design of a lightweight intermediate boom stage on a JCB 
506C telehandler using composite materials. The primary objective of the work has been 
to reduce the dead-weight of the boom in order to increase the stability of the machine 
and therefore its load bearing capacity, which ig described in the form of a load-chart. 
Since the load-chart is one of the main factors influencing the customer's purchasing 
decision, any improvement in lift capacity is invaluable. 
The research presented here forms an integral part of a much more extensive design 
exercise carried out for the Loadall division of J. C. Bamford Excavators Ltd by Panni 
Sherratt and Nurse (2001). 
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The chapter begins by presenting a background to the telehandlcr, its layout, operation, 
manufacturing characteristics and current design philosophy. Later sections formally 
present the principal characteristics of the problem that has been addressed and detail a 
design proposal that has been successfully developed to improve lift performance. 
Specific details of the final design and structural analysis will be presented. The final 
section presents the predicted performance of the boom design and discusses the design 
process. It also illustrates the tools that can help in future design work on this and similar 
composite projects. 
Overall, the chapter should be viewed as an example of how composite materials can be 
of benefit in steel-dominated industries. It also serves to demonstrate some of the issues 
that arise in terms of composite design and as a background to Chapter 8, in which the 
fundamental characteristics of the same problem may be solved using genetic 
algorithms. 
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3.2 Product and its Applications 
The Telehandler or Loadall is a versatile item of material s-handl ing plant equipment and 
is a common sight on farms, construction sites and industrial premises. The first 
Telehandlers were built in 1977 by JCB with the aim of producing a multi-purposc 
vehicle that could perform the functions of three different items of plant machinery. 
Namely, the rough terrain forklift, the dumper truck and the tower crane. The 
telehandler, illustrated in Figure 3.2-1, is a wheeled vehicle, with a side-mounted 
telescoping arm or boom. The boom comprises of two or three hollow box-sections that 
arc extended proportionally using a combination of hydraulic rams and/or chain 
mechanisms. These sections are referred to as the inner-stage, outer-stage and where 
there are three sections, the intermediate-stage. At the nose of the inner section a 
mounting point allows attachments such as buckets or forks for lifting palletised loads. 
The telescopic boom is designed to allow 3 degrees of freedom; raise and lower, extend 
and retract, and tilt. The tilt, (or 'crowd') function refers to the action of changing the 
angle of the attachment relative to the rest of the boom. This is achieved via a hydraulic 
ram attached to the boom nose, which allows the contents of a bucket to be emptied or 
filled. In order to prevent the payload falling when lifting or lowering the boom the load 
is maintained at a fixed angle relative to the horizontal by the use of compensating rams. 
These compensating rams are located on the boom pivot end of the machine. 
Each degree of freedom is activated by the operator in the cab using single or 
multiple joysticks to control the hydraulics via a valve-block. Safe operation of the 
telehandler is controlled by a progressive safe working load indicator that alerts the 
operator with both visible and audible warnings if the telehandler approaches instability. 
The basic functions for which telehandlers can be used arc; loading (using a bucket 
attachment), pick and place (using forks), clearing and land levelling. Within each of 
these basic functions there is a wide range of specific applications. As a lifting machine 
the telehandler can be used with various attachments to lift different payloads such as, 
pallets, recycled paper, tree trunks and concrete. With a bucket attachment the machine 
is used for rehandling a vast range of materials, including; grain, foodstuffs, animal feed, 
sand, gravel and building materials. Cases of telehandler booms being used in 
demolition work have also been reported. Tclchandlers are also known as Loadalls, and 
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as the name suggests they are versatile machines, with the range of applications often 
determined by the operators imagination. 
The environment in which the machines operate can be harsh, with machines being 
operated for long hours. Often this work may be in a hostile environment, opcrating in 
the presence of undesirable contaminants such as grit, sand, dust etc. Extreme 
temperatures are also commonly experienced. Particularly in the agricultural and 
construction sectors the work may be on uneven and unstable ground. The risk of 
damage from falling objects or quasi-static crush impacts of the boom against rigid 
bodies is high. 
3.2.1 Aipp ied Loads and the Cuffcnt Dcsign Philosophy 
The telehandler is marketed as a versatile item of materials-handling equipment and the 
potential range of applications is large. The structural design must take into 
consideration the expected applied loads. These can broadly be classified as either liffing 
or bucket loads. In lifting operations the loads are well defined and are a combination of 
bending and torsion. Torsion in the boom arises as a result of the payload being offset to 
one side of the bucket. Generally when lifting, the loads are considered as static and well 
defined. In bucket operations, the loading condition is not well understood and the loads 
transmitted to the boom depend on a variety of factors including the engine power 
output, the material being handled, and the state of the ground on which the machine is 
operating. Furthermore, dynamic shock loads may be introduced into the structure as a 
result of the bucket snagging on hidden obstacles. As a result of the difficulty in 
predicting the applied loads, the design philosophy concentrates on designing the boom 
to support the lifting loads using Crane standards, BS2573 (1993), J19078 (1986) and 
EN1459 as a basis for the design and then subjecting the boom to extensive testing under 
in-service conditions. Uncertainties in the analysis are compensated for by a degree of 
over-design in the original. Any boom failing the test procedure is then modified and re- 
tested. There is little evidence of machine failure in the field and thus the comprehensive 
testing program is considered sufficient to ensure that the design philosophy is suitable. 
of particular interest is the tear-out test that involves driving the machine into a steel 
post set into the ground. The machine is fitted with a bucket and driven in first gear 
against the post with the boom fully extended. At the same time as applying full tractive 
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effort, the driver attempts to lift the boom and crowd back the bucket. The bucket is 
positioned so that the post is offset from the centre of the boom axis. The loads are 
substantial, as the tractive effort in first gear is approximately 1.5 tonnes at the wheels 
with a friction factor of 0.8 with the ground. The combination of boom lift, tractive force 
and torsion due to the offset load is considered to be the extreme load case that any 
boom can be expected to experience in service. Even in this case, as shall be discussed, 
the boom is unlikely to experience the full loads since the machines experience a 
limiting load that causes the machine to topple. 
Inner Stage 
Intermediate Staize 
Extension Ram 
Outer Stage 
Figure 3.2-1 Schematic of a JCB Telehandler with selected components 
highlighted 
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3.2.2 The Product Market 
The annual, worldwide market for telehandlers is estimated to be 34,000 machincs 
annually. The market is primarily serviced by the 'big-four' manufacturers, JCB (UK), 
Caterpillar (USA), Manitou (France) and Merlo (Italy). In 1996 JCB retained the largest 
share of the worldwide market as shown in Figure 3.2-2. The 1997 figures for the 
worldwide market share are also illustrated. Despite the dominance of the four primary 
manufacturers a number of smaller niche manufacturers also exist whose total market 
share account for approximately 25 % of the market. 
There exist a large number of different capacity machines for different applications, but 
across the manufacturers the basic design and performance for comparable machines 
remain similar. Competition between manufacturers Is largely based on cost, reliability, 
quality, operator comfort and service network issues. The market evidence points to a 
mature product in a competitive environment for which new design concepts that lead to 
significant perfon-nance benefits are expected to help gain market share. 
1996 Woridwide Market Share 
Clown JCB 
20 2% -22 6% 
Trac 
720/, 
Lull 
tI 
Manitou 
6 49A Cat Mathro Merlo 20A% 7.6% 
7.5% 8.1% 
1997 Worldwide Market Share 
Others 
21 4% 
ics 
1ý 7-A 
Trac 
8.1% Manitou 
Lull 211% 
7.9% Matufo Mef, ý 7.8% 5.6% 8.4% 
Figures courtesy ofJ(B Loadall Division, Marketing 
Figure 3.2-2 1996/97 Worldwide telehandler market share by manufacturer 
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3.3 Boom Desip-n Considerations 
3.3.1 Boom Manufacture 
For the telescoping stages of telehandler booms the material of choice across all 
manufacturers is mild steel due to its high strength, good stiffness, ease of formability 
using traditional metal forming and welding operations and good on-site damage 
resistance. 
The basic construction of the box-section booms varies from manufacturer to 
manufacturer, but two main construction methods exist (See Figure 3.3- 1 ). The majority 
of manufacturers adopt twin U-sections welded together along the neutral axis, Figure 
3.3-1(b) while others, including JCB, adopt a single folded U-section and a welded 
closing plate, Figure 3.3-1(a). From a structural perspective it is considered advisable to 
locate the welds on the neutral axis away from the maximum tensile and compressive 
bending stresses that develop in the top and bottom flanges. However, the widespread 
use of the single U-plate and closing plate configuration is attributed to ease of 
manufacturing considerations. Depending on the machine boom lengths can be up to 
4m, while the depth is typically 200400mm and the wall thickness is in the 6-12mm 
range. 
(a) (b) 
Figure 3.3-1 - Manufacturing of boom cross sections; (a) Welded U-section and 
closing plate configuration, (b) Welded twin U-section 
3.3.2 Extension Mechanisms 
Extension and retraction of the boom sections is achieved using hydraulic rams and/or 
extension chains. 
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The combination of extension mechanism adopted is dependent on the manufacturer's 
preference, the number of stages and the primary application for which the telehandicr is 
designed. In general, if the machine is primarily designed as a pick and place machine, 
the extension mechanism will comprise of a hydraulic ram attached between the inner 
and intermediate stages, while the inner stage is extended and retracted using a chain and 
roller mechanism, (Figure 3.3-2(b)). For those machines expected to be used primarily in 
bucket applications, hydraulic rams are considered more robust and the layout will 
comprise of two rams in a layout similar to that illustrated in Figure 3.3-2(a). The rams 
are often the heaviest items on a boom and the primary advantage of chains is that they 
are significantly lighter than a fully extended ram full of hydraulic oil. The disadvantage 
of using chains however, is the increased maintenance requirement of tensioning and 
greasing. 
(a) 
(b) 
Figure 3.3-2 Standard, boom extension mechanisms for a3 stage telehandler 
boom; (a) Twin rams, (b) Single ram, chains and rollers. (Not to scale) 
3.3.3 Wear Pads 
Relative movement between stages of a telescoping boom is permitted by the use of 
wear pads. The pads, manufactured of cast Nylon (or similar) are bolted to the sections 
and provide a low friction surface along which the steel sections can run. The friction 
may be reduced with the use of a lubricant such as Waxoyl. The wear pads are designed 
to be sacrificial and require replacing at routine service intervals. 
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The wear pads transmit large out-of-plane loads due to bending and torsion ofthe 
boom in service, which can result in large localised stresses developing in the region 
around the wear pads. Increasing the contact area of the wear pads reduces the stresses 
observed in the boom. As a general rule, it is desirable to locate the wear pads as far into 
the comers as possible to minimise the effect of local bending and associated stresses in 
the faces of the box-sections. 
Figure 3.3-3 Typical boom wear pad locations; side and end elevations 
3.3.4 Telehandler Stabi! t 
The overall load capacity of the machine is limited by the stability of the machine. 
Excessive loads may cause the machine to become unstable about the front axle causing 
the machine to tip over. On some occasions, depending on the slope of the ground and 
the load being lifted, it is possible for the machine to tip sideways. In either case, 
experience has shown that this instability is generally the first limit state when a 
machine is excessively loaded. This presents both positive and negative aspects since it 
clearly limits the amount of load that can be lifted but simultaneously acts as a reljef- 
valve to ensure that excessive, potentially damaging loads, are not transmitted to the 
boom. Since overall machine stability is an important issue, it shall be considered further 
here. 
Ultimately, the maximurn load that can be lifted is governed by stability as demonstrated 
by the load chart that is presented in Figure 3.34. This is an important piece of technical 
sales information that is used by customers to compare the relative performance of 
competitors' machines. The load chart illustrates the total reach envelope for the 
telehandler. It is annotated with near-vertical lines that indicate the limit of the 
machine's stability with varying payloads. 
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Some machines specifically designed for long outreaches and high lift heights may 
include hydraulically operated stabilisers. These extend from the front of the vehicle and 
rest firmly on the ground, effectively extending the pivot about which the machine may 
tip in order to increase stability. They also provide a rigid support, removing the 
dynamic tyre 'bounce', which can have a detrimental effect on machine stability. Load 
charts are generally provided with and without the stabilisers retracted and are produced 
in accordance with EN1459. 
The highest capacity three-stage machines are capable of stabilised lift heights of 13.5m 
and payloads of 3700kg. As a guide, this is approximately equivalent to 3.5 brick-packs. 
A-w- ??? -??? PERFORMANCE 
Figure 3.3-4 Stability load chart, (Dotted line indicates extent of current JCB 537- 
135 model) 
ISR 
WITH STABILISERS EXTENDED 
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3.4 Improving Telehandler Lift CaiDaci 
The original design brief from JCB requested a fresh, global view of the design and 
operation of telchandlers with the aim of improving the overall lifting performance of 
the telehandler boom. This is achieved by extending the load chart envelope, as 
illustrated in Figure 3.34, and the success of any improvement is judged against the 
following criteria. 
For a given maximum payload, how much is the outreach increased? 
b) For a given maximum outreach, by how much is the payload increased? 
A number of practical strategies exist for improving the lift capacity of a telehandler. 
Lift height and outreach may be extended by either increasing the length of the 
individual boom stages and/or adding additional stages. Increasing the length of each 
stage increases the overall length of the machine with the boom fully retracted, and is 
not considered a viable option since it has a detrimental effect on turning-circles and 
manoeuvrability. Increasing the number of stages is the favoured option but involves a 
significant redesign of the boom and its operation. In either case, the stability of the 
machine must be improved if the previously given maximum payload is to be 
accommodated at greater boom extensions. 
Improving the stability of the machine is the key requirement to meeting either of the 
previously stated criteria and a number of techniques for achieving this have been 
considered and are discussed below. 
Increase the length of the machine: 
This approach improves stability by relatively shifting the vehicle centre of gravity 
further behind the front axle, which acts as a pivot. The disadvantages are that the 
turning circle and manoeuvrability of the machine are reduced. 
Increase the weight of the main body: 
Ballast may be added to the rear of the vehicle to help stabilise it. Unfortunately, 
increasing the weight of the vehicle can be detrimental to highway and off-road 
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handling. In addition, rear stability may be compromised at high lift heights and 
additional vehicle weight requires the braking systems to be upgraded. 
Reduce the dead-weiaht of the boom: 
In theory, by reducing the dead-weight of the boom, additional payload can be lifted. 
Using steel, the only method of reducing the weight of the boom section is to reduce the 
%-all thickness. Reducing the wall thickness increases the local and global stresses that 
arc developed in the section and, in order to maintain present factors of safety, it is 
necessary to use a higher grade of steel. This presents problems in terms of finding 
commercially available steels with sufficiently high strengths, and the local buckling 
effccts that would be expected below a limiting wall thickness. 
In the light of the above, it was decided that the most advantageous and versatile method 
of improving machine stability is to reduce the dead-weight of the boom by using lighter 
materials. 
Extensive investigations by PannL Sherratt and Nurse (200 1) have revealed that building 
a telehandler boom using laminated fibre-reinforced composite materials has the 
potential to reduce the weight of individual boom sections by up to 70%. Given that a 
steel section may weigh approximately 350kg, this is a significant weight saving that 
permits the overall load capacity for existing machines to be increased. Furthermore, 
with the recent introduction of four-stage machines on the market that achieve even 
higher lift capacities, the benefit of reducing the dead weight of the boom will become 
increasingly important. 
esian Proposal 
Having determined that laminated fibre-reinforced composite materials offered the 
greatest weight reduction potential compared with other candidate materials, it was 
decided that a suitable prototyrpe should be developed and used for testing. 
Ile principal aims of developing a protot)rpe that can be mounted on an existing 
machine were as follows: 
Demonstrate that composite materials could withstand the in-service liffing loads 
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9 Dcmonstratc that composite box sections of sufficient size can be successfully 
manufactured 
Investigate the long term performance in terms of fatigue, impact and wear damage 
Evaluate driver reaction to the boom and its deflections 
The specific proposal was to build and test a composite intermediate boom section for a 
506C telehandler machine. 
Tic prototyrpe was to be a single stage and fit an existing three-stage machine. This 
precludes the use of alternative cross-sectional shapes, which have also been examined 
and recommended for investigation, but does allow the performance of the material to be 
directly compared with that of steel. The author acknowledges that in many areas of 
composite design, direct substitution of composite for steel rarely produces products that 
fully exploit the advantages of composite materials. However, the prototype is seen as a 
first step to confirm the strength of the materials for future development and gain 
confidence in their use as well as to provide a better understanding of the cost 
implicafions. 
The intermediate boom of a three stage machine was chosen as the basic component 
since it is a section with a relatively simple geometry, comprising of a box-section, a 
front ram and chain mounting assembly, and a rear chain pulley assembly. In 
consultation with JCB engineers and composite manufacturers it was Nt that developing 
a component with a simple geometry would reduce the number of variables and allow 
the performance of the material to be reliably evaluated with respect to the previous steel 
design without introducing too many additional unknowns. The choice of an 
intermediate boom was also influenced by the fact that it can be readily incorporated 
into an existing machine with only minor modifications to the existing sections. 
it clear that the use of composites in the inner boom section would produce the greatest 
benefits in terms of increasing machine stability and the maximum payload. However, 
the geometry of the inner boom is significantly more complex than that of the 
intermediate boom. The nose section also experiences much more complex loads and 
would be more difficult to manufacture. It was decided at an early stage that without 
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fundamental knowledge and experience of producing a more simple geometry boom it 
would be unlikely that a more challenging inner boom design would be successful. 
The choice of machine for the prototype was governed by a number of issues. Firstly, it 
%%ns felt that the 506C 3-stage machine for the American market was the type of 'pick 
and place' machine for which weight reduction would be most suited. It is less likely to 
be used for bucket work for which the loading is more difficult to characterise and 
analytically model. Secondly, of all the models, the 506C offers the greatest clearances 
between boom sections. Here the boom clearance is used to describe the gap between the 
individual stages of the boom. As discussed later, the issue of boom deflection has 
required the section dimensions to be increased from those of the current steel boom. 
Choosing a boom with large clearances makes this an easier task if the inner and outer 
booms are not to be changed. 
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3.6 Prototvpe Boom Dcsipn 
The design of the protot)rpe can be classified. into two distinct areas. The overall design 
concept and the specific design of a carbon fibre reinforced plastic (CFRP) composite 
box scction beam. 
3.6.1 Overall Design Concept. 
The intermediate boom section will be a modified version of the current steel boom and 
is to be extended and retracted in the same way as the existing boom. The main box 
section is to be manufactured as a single componentý to which the ram and chain 
extension mountings at the front and rear of the boom are to be adhesively bonded. In 
order to bond these ancillary components to the main box section the existing 
components, which are usually welded to the boom, have had minor modifications. An 
exploded view of the front ram mounting assembly is shown over in Figure 3.6-1. 
One of the concerns raised about the use of composites is their ability to support a wear 
pad running directly on the surface, since the surface of a polymeric fibre-reinforced 
composite is relatively soft. This is a particular concern on site where the boom surface 
can become contaminated with site abrasives such as dirt and grit. In order to overcome 
this a solution has been found that involves bonding strips of stainless steel to the 
surface of the composite in the areas where the wear pads will run. The stainless steel 
Inmning-strips', as they are termed, are 90' angle sections bonded to the prepared 
surface of the composite boom on both the inside and the outside comers. The method of 
manufacture proposed here involves the running strips sitting proud of the composite 
surface. However, future development could lead to the running strips being integrally 
embedded into the surface during manufacture and sitting flush. Despite adding an 
additional manufacturing process and some additional weight to the boom, the running 
strip solution offers several advantages. These include increased impact resistance on the 
comers of the section that are most vulnerable if, for example, the boom is being 
dropped onto a wall. They also allow the applied loads through the wear pads to be 
transmitted into the comers of the inner and outer booms to reduce local bending 
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stresses. Finally, they allow a means of distributing the high local forces seen at the ram 
and chain mountings into the whole length of the boom. 
Strips 
Steel 
Steel 
Assembly 
I 
'Colkir' 
Carbon Fibre Pý)wýv 
BoxSection Beam 
Figure 3.6-1 Exploded view of prototype proposal showing composite box section C. /w 
stainless steel running strips and front ram mounting assembly (Collar) 
Section 
In its simplest terms, the design of the prototype is the design of a minimum weight 
composite box section subject to given geometrical and structural constraints. The box- 
section design requires the selection of material, composite lay-up and geometry for the 
box-section, as well as the selection of a suitable manufacturing technique. The decision 
making process is a complicated one, w-ith many of the relationships between the 
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mariabics either conflicting or simply unknown. Here the process of detamining the 
design and the decision-making processes behind it will be presented and discussed. 
3.6.3 Outline of Box-section desigLi procedure 
The following outlines the main steps that were followed in order to produce a design 
for the protoqW box sectiom 
a) Consider candidate manufacturing process suitable for box-section beams. 
b) Perform beam bending structural analysis with different candidate materials using 
the steel beam geometry and loading as a benchmark. 
c) Structural analysis reveals that global beam deflection is significantly greater than 
the present steel boom and is likely to be an issue. 
d) Maximise stiffness by changing geometry. 
C) Select manufacturing processes that are likely to maximise stiffness. 
f) Repeat beam bending structural analysis for materials and new geometry. 
g) Select material to minimise box-section weight. 
h) Develop an approximate material lay-up using sound engineering principles. 
i) Develop a finite element analysis to examine global, local and intra-ply stresses. 
j) Manually optimise the lay-up by varying the proportion of layers of each orientation 
and overall wall thickness to develop a design that meets the strength constraints and 
provides a satisfactory boom deflection. 
(a) Consider candidate manufacturing process suitable for box-section beams. 
number of manufacturing processes were considered for the hollow box-section, 
including; pultrusion, filament winding, resin transfer moulding RTM and prcpreg lay- 
up. These methods are all capable of producing hollow box-sections as a single piece 
component. 
With any composite component, the overall structural performance is largely 
dependent on the orientation of the fibres within it. Since each manufacturing process is 
suited to a particular orientation of fibres, the manufacturing technique has a direct 
effect on the overall structural performance. 
65 
Chapter 3: Design of a Laminated Carbon Fibre-Reinforced Composite Telehandler Boom 
Pultrusion is suited to the production of components that have a high proportion 
of longitudinal fibres. On first examination, this seems beneficial for a box section beam 
that is predominantly loaded in bending, however, because of relatively low fibre 
densities and poor fibre placement control, the overall mechanical properties in the 
longitudinal direction are relatively low compared with other manufacturing routes. 
Furthen-nore, the size of box-section that can be manufactured in this my is limited. 
Filament winding is characterised by a circumferencial placing of fibres around a 
mandrel at an angle. These structures are well suited to pressure vessels where 
circumferencial or hoop stresses are high, but because they are unable to lay fibres along 
the length of the boom, the longitudinal mechanical properties are low. However, good 
fibre densities ensures that filament wound components exhibit moderate to high 
mechanical properties. 
Resin Transfer Moulding has the advantage of being able to manually place 
fibres in the directions that they are needed so that a lay-up can be optimised to suit both 
global and local requirements. It also offers the possibility of producing relatively 
complicated shapes. 
Prepreg Hand Lay-up techniques offer excellent control of material direction and 
high fibre densities, giving components manufactured in this way excellent material 
properties that can be tailored to the loading. 
(b) Perform beam bending structural analysis with different candidate 
materials using the steel beam geometry and loading as a benchmark. 
Given the differing material properties associated with the different manufacturing 
techniques a simple beam bending analysis was conducted with typical material 
properties for both glass and carbon based composites. For the analysis, the geometry 
and wall thickness was the same as that of the existing steel design. The analysis was 
conducted using the CoDA software package, NPL (1998). This package provides a 
database of typical composite material properties and a micromechanics based method 
for evaluating overall composite material properties from the material properties of its 
constituent components. It is also provides an analytical model based on beam theory to 
estimate the bending stresses and deflections of box-section beams under cantilever 
bending conditions. 
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(c) Structural analysis reveals that global beam deflection is significantly 
greater than the present steel boom and is likely to be an issue. 
The beam bending analysis shows that for an equivalent boom geometry, the overall 
box-section tip deflection under maximum bending conditions for both glass- and 
carbon- fibre composites is significantly greater than those of a steel boom. This arises 
because the elastic moduli of glass and carbon fibre based composites are notably less 
than that of steel. Typical values of Young's Modulus for steel and glass and carbon 
fibre based composites are listed below. Because the elastic modulus of a composite 
laminate is dependent on a wide number of variables, including lay-up and fibre volume 
fraction the figures are included as a guide only. 
E(steel) 207-210 GN/M2 
E(glass) 5-50 GN/m2 
E(carbon) 50-150 GN/m2 
In order to maintain tip deflections that are comparable with a steel boom, it is necessary 
to increase the depth of a composite boom and/or increase the wall thickness. The 
former method is most effective in increasing the stiffness of the boom, but the degree to 
which the depth and the thickness can be increased is dependent on geometrical 
constraints imposed by the dimensions of the inner and outer stages. Given the 
geometrical constraints on the prototype machine, it has proved impossible to match the 
deflection of the steel boom with either glass or carbon based composites. However, by 
maximising the depth, the elastic moduli and the wall thickness vAthin the available 
space envelope, it has proved possible to obtain boom tip deflections that are 
comparable. Initially, it was believed that increasing the tip deflection would be 
undesirable. However, it became clear that defining a maximum allowable tip deflection 
is highly subjective and therefore very difficult to define in a technical specification. In 
any case, the majority of the overall boom tip deflection arises as an accumulated result 
of ill-fitting or worn. wear pads. The contribution to overall boom deflection from 
deflection of the steel is negligible. Given this ambiguity regarding the maximum 
allo%,, -able deflection, the design philosophy becomes one of seeking to maximise the 
longitudinal boom stiffness subject to fixed stress constraints. 
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(d) Maximise stiffness by changing geometry. 
(e) Select manufacturing processes that are likely to maximise stiffness. 
From simple beam bending theory, the deflection of a beam under cantilever loading is 
related to the matenial properties and the geometry by Equation 3.6-1, where E Is 
Young's modulus, I is the second moment of area as defined in Equation 3.6-2. The 
remaining variables b, d and i are defined in 
Figure 3.6-2. 
Applied Loading 
Figure 3.6-2 Beam bending notation 
Dýflection ac 
I 
E. 1 
b 
I 
t 
Equation 3.6-1 
I=I [b. d 3- (b - 2.1)(d - 2. t 
)3 
12 
Equation 3.6-2 
it is clear from the above equations that in order to minimise boom deflection it is 
necessary to maximise values of E and 1. (In the case of composite materials, an 
acceptable approximation for boom tip deflections can be obtained by adopting the value 
of E in the longitudinal direction). Therefore, for the minimisation of the boom tip- 
deflection the design should use manufacturing techniques such as RTM and prepreg 
lay-up in which the fibres can be readily aligned in the longitudinal direction. The use of 
high modulus fibres will also be beneficial. Equally, the second moment of area can be 
maximised by increasing the overall depth of the boom section and the wall thickness. 
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(f) Repeat beam bending structural analysis for materials and new geometry. 
Repeating the beam bending analysis for the new box section depth allows the box. 
scction wall thickness for both glass and carbon based composites to be estimated so that 
the boom tip deflection is twice that of the steel boom. 
(g) Select material to minimise box-section weight. 
It %N2s found using CODA analyses that a typical glass boom would need a wall 
thickness of at least 20-25mm to achieve a tip deflection approximately twice that of the 
steel boom. Against this, a carbon fibre based material would only require 
approximately 10mm wall thickness for a similar deflection and would offer much 
greater weight benefits. 
The final material selected for the design is a laminated high-modulus carbon 
fibre/cpoxy matrix composite. Despite being cheaper, the use of glass f ibres was 
restricted due to the relatively high wall thickness required to keep boom deflections to 
reasonable levels. This would make it difficult to physically fit a glass boom into the 
available space. Furthermore, the weight reduction of a boom with such a large wall 
thickness is minimal compared with steel. Since the primary objective of the design 
exercise is to reduce the weight of the boom it was decided that a carbon fibre based 
composite would be adopted. 
At the same time, discussions with both RTM and prepreg hand lay-up 
manufacturers lead to the conclusion that the prepreg hand-lay-up technique was 
preferable for producing the protoqW. This decision was made on two primary criteria. 
Firstly, it was anticipated that there would be fewer manufacturing problems and 
therefore uncertainty related to the prepreg hand-lay-up route 'with respect to the RTM 
route. Secondly, because the fibre volume fractions achievable with the prepreg route 
are higher, the material properties were expected to be superior to those obtainable by 
RTM. 
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(h) Develop an approximate material lay-up using sound engineering principles. 
11crc, the rationale behind the selected fibre lay-up is considered. Before examining the 
fibre lay-up it is neccessary to examine how the torsion and bending loads arc 
distributed in a simple box section. 
To begin, it is necessary to set up a reference set of co-ordinates. These are as 
follows: the longitudinal direction is designated 0* and the circurnferencial direction is 
dcsignated 90'. 
The primary bending load leading to large stresses in the 0* direction of the beam 
is largely taken by the top and bottom flange surfaces of the box section. This is by 
virtue of being located further away from the neutral bending axis. It is therefore 
dcsimblc to orientatc a high proportion of the fibrcs in this dircction. In the sidcwalls of 
the box-section, the bending loads are transmitted to the top and bottom faces by in- 
plane shear. An efficient means of resisting shear forces acting at 45" is to primarily 
incorporate +45' fibres in the shear webs. 
Since the box section is nearly square, the torsion loads will be (nearly) 
distributed equally on all four faces of the section. Torsion loads are transmitted by in. 
plane shear and, again, the best strategy to resist these loads is to have +45* fibres in 
both surfaces. 
To summarise therefore, the top and bottom faces should comprise primarily of 00 fibres 
for the longitudinal loads with some ±450 fibres to resist the torsion loads. The side 
flanges should primarily comprise of +45' fibres since it experiences in-plane shear 
under both bending and torsion. 
The above only considers the global in-plane loads arising from both bending 
and torsion. Consideration also needs to be made to the local out of plane bending loads 
that occur within the box-section faces as a result of the local wear pad loads. These 
concentrated loads generate high through-thickness stresses and bending stresses. This 
is best accommodated by introducing continuous plies of 90* f ibres that run 
circumferencially around the boom. Their benefit is maximised by ensuring that they are 
continuous and located on the outside surface of the lay-up. 
The detailed lay-up is described later, but it should be noted that the composite is 
both symmetrical and balanced. Failure to ensure this results in a component that will 
have undesirable residual stresses and may deform or warp during manufacture. 
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Develop a finite element analysis to examine global, local and intra-ply 
stresses. 
& 
(J) Manually optimise the lay-up by varying the proportion of layers of each 
orientation and overall wall thickness to develop a design that meet3 the 
strength constraints and provides a satisfactory boom deflection. 
As a starting point for predicting approximate wall thicknesses and boom dimensions 
CoDA is a useful package, however, it does not offer more detailed information 
regarding local stress concentrations and stresses in individual layers. In order to get this 
information the LUSAS FE package has been used to analyse the structure. it will be 
shown here that knowledge of the local stresses and strains is critical since the local 
stresses around the wear pads are much higher than the expected bending stresses and 
need careful consideration. 
The LUSAS FE package allows the wall thickness and the detailed composite 
lay-up to be changed to ensure the stresses in any layer at any point in the structure are 
within given constraints. The approximate lay-up has been previously specified and the 
remaining task is to determine, manually and iteratively, the actual wall thickness and 
relative thickness of each ply orientation in each face of the box-section. An important 
characteristic of laminated composites is the fact that failure of an individual ply may 
occur inside the laminate and is therefore not visible to the naked eye. The finite element 
method allows the stresses, strains and failure criteria to be examined on a layer by layer 
basis. 
The finite element model uses LUSAS QTS8 quadratic 8-noded composite thick shell 
clements to model the box section beam, (Figure 3.6-3). The elements take account of 
in-plane, shear and flexural deformations as well as allowing laminated composite 
material properties to be assigned. The laminate is defined in terms of a list of ply 
orientations and a corresponding list of relative thicknesses. 
A StrategY for designing beam under both torsion and bending loads. 
The finite element model can only be as accurate as the loading conditions applied to the 
model. This presents problems since the in service loads applied to the beam through the 
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model are not always well defined due to variability in wear pad behaviour. This is 
particularly the case when torsion loads are combined with bending loads. Due to the 
deformation of the inner and outer booms under loading, as well as the build up of wear 
pad tolerances, the loading is non-linear and therefore very difficult to predict. In order 
to overcome this uncertainty a two-stage conservative modelling approach to the 
problem has been adopted. The method considers the worst loading case for both 
bending and torsion loads separately. For each load case an appropriate wall thickness 
and ply lay-up configuration is developed. The final wall thickness and lay-up is then 
obtained by superimposing the two solutions together. 
So far, the structural design has focussed on selecting parameters that have a positive 
cffcct on the stiffness of the boom and no mention has been made of failure stresses. A 
commonly used failure criterion that is widely used is the Tsai-Hill criterion, Tsai and 
Wu (1971). In its most general form, the Tsai-Hill criterion defines failure of a lamina 
when the following inequality is true. Where, er denotes the failure stress in one of two 
principal directions indicated by subscripts. 
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Equation 3.6-3 
41. 
Because it is often small compared with the other terms the second term in Equation 
3.6-3 can be neglected, so that the modified form becomes that shown in Equation 3.6-4. 
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Equation 3.6-4 
Using a materially linear model, as adopted here, the Tsai-Hill criterion is only able to 
predict initial failure. Another point to bear in mind is that the mode of failure is not 
directly indicated by the method. 
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The loading conditions for both bending and torsion arc shown separately in the finitc 
clement models illustrated in Figure 3.6-3 and Figure 3.64. The load chart for a 506C 
machine indicates that the maximum load that can be carried on the forks or a bucket is 
2,700kg. In reality, this is only achievable at a maximum outreach of 2.75m compared 
with a total outreach of 7.0m. In order to represent the worst possible cases, the design 
load used for the FE model is a 2,700kg load at full outreach (7m). This is unlikely to be 
achieved in practice due to machine instability. Consequently, it is believed that this 
incorporates a sufficiently large factor of safety in the calculations. The torsion load is 
obtained by considering the same payload to be offset 500mm, from the central axis of 
the beam, to represent the load being applied on the comer of a bucket or one of the 
forks. Observation of the finite element results, shown later, indicates that the proposed 
design gives a factor of safety of 500%-700%. Considering the onerous loads that are 
applied to the model it is felt that such a factor of safety is adequate to cover any 
uncertainty arising from variations in material properties and applied loads. Note that 
these factors of safety are an indication of the strength of the material and not 
necessarily the design as a whole when the interfacing joints are considered. 
in terms of the bending deflection, the overall deflection from horizontal predicted using 
the FE model is 31 mm. 
The FE model incorporates the stainless steel running strips and the externally mounted 
ram collar by assigning a steel layer to the outside of the composite material where 
appropriate. 
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Figure 3.6-3 Applied bending loads on FE model 
Figure 3.6-4 Applied torsion loads on FE model 
Figure 3.6-5 shows a plot of Tsai-Hill failure values for the outermost layer the lay- 
up for the final proposed laminate solution. 
The wall thickness is 10mm and the loading 
74 
Chapter 3: Design of a Laminated Carbon Fibre-Reinforced Composite Telchandler Boom 
combines both bending and torsion. The plot is typical of the other plies and shows that 
the maximum stresses are to be found at the rear of the boom in the vicinity of the wear 
pads. The stresses at the front of the boom do not register on the plot due to the 
reinforcing effect of the steel front ram collar, illustrated previously in Figure 3.6-1. 
Overall, it can be seen that the Tsai-Hill values in the main section of the boom, 
as a result of both bending and torsion loads, are well within the defined limit of 1. The 
maximum Tsai-Hill values in the composite laminate model across all laminae are 
between 0.13 and 0.18, representing a design factor of safety of between 500% and 
770%. Note that the model is for the box-section beam only. The steel components of 
the ram support collars and the running strips have been represented in the model by 
adding an isotropic steel layer into the thick shell model where appropriate. 
Consequently, the quoted factors of safety do not incorporate local stress concentrations 
at the interface between the steel and composite or consider the interfacial bonding 
between the two. 
Cýblratlqn 
L. y. LI 
STRESS 
CýINICýRS Of T44N 
00, 
002 
003 
00. 
005 
0 DO 
007 
0 DO 
0 DO 
0 12 
, ;3 
I, 
1: 0 
MI, 0 1364 .1 Node 511 
2377E-05 W Node 6.0 
Figure 3.6-5 Stress contours of outermost layer Tsai-Hill failure criterion for the 
prototype proposal subject to combined bending and torsion loads 
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3.7 Additional Boom Details 
3.7.1 Predicted Perfonnance of the Proto= Propgsal 
Ile perfonnance benefits of the proposed solution are surnmarised in Figure 3.7-1. The 
figures assume a weight reduction of 66% over the steel design and are taken from 
Panni, Sherratt and Nurse. (200 1). 
Design Option 
(based on 506C) 
Current Steel Boom Potential using CFRP 
Boom 
increase Payload for Same 330kg at Full Outreach 500kg at Full Outreach 
Load Chart Reach Envelope 
Increase Reach Envelope 330kg at Full Outreach 330kg with Increase in 
for Same Payloads in Load Outreach of 2m 
Chart 
Figure 3.7-1 Summary of predicted Telehandler performance with a CFRP 
composite intermediate boom compared with the current steel boom 
3.7.2 Method of Manufacture of Box Section 
The box section is to be manufactured as a single piece moulding using a high modulus 
carbon fibre reinforced epoxy prepreg. The prepreg material is to be wrapped around a 
rectangular section aluminium mandrel, layer by layer, until the correct lay-up and 
thickness is achieved. This is a manual operation, but it is expected that some degree of 
automation can be incorporated for production quantifies. When the lay-up is completed, 
the mandrel and composite are wrapped in an airtight bag. The bag is attached to a 
vacuum pump to extract the air from the component side of the bag. In this way, 
atmospheric pressure is used to consolidate the prepreg material. The next stage involves 
placing the component and mandrel into an autoclave, or oven, for cure at between 100- 
150* C. On completion of the cure cycle the mandrel is removed from the box-section. 
In practice, removing a 4m long mandrel may prove difficult. Ile recommended 
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method, developed with the manufacturers, exploits the mismatch of thermal 
coefficients between aluminium and carbon to ease tool extraction. Carbon fibre 
reinforced composites have a low coefficient of thermal expansion and, on cooling, the 
aluminium tool will contract to leave a large enough clearance for removal of the 
mandrel. Figure 3.7-2. 
Carbon 
HEAT Ir Ir / 
011 40 
A, fandrel 
(a) (b) 
Figure 3.7-2 Manufacture of one-piece composite boom; (a) Wrap carbon fibre 
prepreg around aluminium tool and apply heat; (b) On cooling extract aluminium 
mandrel 
3.8 Spcciflcation for Intermcdiate Tclehandler Boom Lay-up 
The folloWing is a condensed version of the boom material specification and presents 
guidelines for the component lay-up. 
3.8.1 Description of Comppnen 
The boom comprises of a carbon fibre/epoxy box section with eight stainless steel 
running strips bonded/bolted along the length, c/w end fixtures for attachment of 
extension rams and chains. 
77 
Chapter 3: Design of a Laminated Carbon Fibre-Reinforced Composite Telehandler Boom 
Boom comprises of a 4m long box section of overall width 308mm and height 340mm 
with a wall thickness of 10mm. Comer radii to be specified on the manufacturing 
drawings. 
3. 
_8.2 
Lay-up 
The Jay-up is specified for each face of the boom in terms of the fibre-ply orientations 
used and their relative thickness ratios as shown Figure 3.8-2. The faces of the boom are 
labelled in Figure 3.8-1. The plies should be placed as illustrated in Figure 3.8-3 Nvith, as 
far as possible, the 90' plies predominantly placed on the inside and outside surfaces, 
and the G* plies close to the centre. Wherever possible the 90' and +45' plies should be 
continuous around the circumference of the section. It is assumed that the final lay-up 
will depend on the weight of prcpreg used and manufacturing considerations. Note that 
the direction for the 0' fibres is the longitudinal axis of the section. The total number of 
plies and the exact placement depends on the weight of prepreg used and is left to the 
discretion of the manufacturer on the strict provision that the overall laminate design 
guidelines in terms of fibre placement and ratio of fibre orientations is adhered to. 
Additionally, because the fibre lay-up for the flanges and the webs are different, there 
may be some variation to allow the individual layers to be 'knitted' together. 
Top Flange, TF 
Shear Wall, SW Shear Wall, SW 
Bottom Flange, BF 
Figure 3.8-1 Boom box section for specification of JaYýIups 
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Top and bottom flanges, BF & TF 
Thickness: 10mm 
Ply Fibre Angles 0/90/45/45 
Ply Thickness Ratio 4/4 /I/I 
Shear Walls, SW 
Tbickness 10mm. 
Ply Fibre Angles 90/45/45 
Figure 3.8-2 Proportions of fibre orientations in the boom lay-up 
90" Fibres 90' Fibres 
+45" Fibres 
0* Fibres +45* Fibres 
+45" Fibres 
90' Fibres 90' Fibres 
Top and Bottom Flanges, TF & BF Shear Walls, SW 
Figure 3.8-3 General lay-up configuration, (Not to Scale) 
The prcprcg fibre type is to be a High modulus BR40/cPoxy. or similar, and the cured 
fibre volume fraction is to be a minimum of 55%. 
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An appropriate glass fibre ply is to be included below the stainless steel running strips to 
prevent galvanic corrosion and to act as a transition compliance zone. An aesthetically 
pleasing carbon fibre finish is required on the outer visible surface of the section. 
Therefore, the final ply on the outer surface is to be a woven T300 carbon-fibre fabric 
typically, CF0300. Maximum cured thickness of woven ply to be 0.25mm. 
Dimensional tolerances for the boom shall be as listed below. 
Cross Section width :+ Imm 
Cross section height :+ Imm 
Wall Thickness :+0.8mm 
Angle of Twist between opposite ends :+ 10 
Scction Icngth 3mm 
80 
Chapter 3: Design of a Laminated Carbon Fibre-Reinforccd Composite Telehandler Boom 
3.9 Summary and Discussion 
The investigation presented here shows that the performance of a telehandler can be 
theoretically improved by reducing the dead weight of the intermediate boom by 66%. 
In order to demonstrate this a prototype design for a composite intermediate boom on a 
506C machine has been developed. As well as demonstrating the expected improved 
stability the prototype will be used to investigate a number of factors that are best 
evaluated under realistic test conditions such as; fatigue, wear, impact performance and 
the performance of the adhesive interfaces. The design is essentially a direct replacement 
for the steel equivalent in order to allow the feasibility of the material to be directly 
compared and assessed. 
It is expected that tests on the boom will provide a wide knowledge base on the use of 
composites in this type of application and act as a basis for future research with the 
ultimate aim of producing a commercially viable product. If this is achieved, the 
research will represent a major step in the development of the telehandler boom and 
open the doors for composite materials to be used on other similar applications in the 
materials handling plant equipment industry. It is the belief of the author that the full 
benefits of the technology will be fully realised by allowing booms of different cross- 
sectional shapes to be developed. 
At all stages of the design process, boom deflection has been the subject of debate and it 
has been demonstrated that for carbon and glass fibre composite materials the expected 
boom deflection (as a direct replacement component) 'will be greater than that of the 
steel boom. In the absence of direct guidelines on the overall deflection the strategy 
adopted was to minimise deflection in terms of material, geometry and manufacturing 
technique, and to then design the boom in terms of stress and minimum %veight 
considerations. Deflection will cease to be an issue if the design specification allows the 
depth of the box section beam to be increased. 
The design process that has been carried out has sought to find a design that minimises 
%vcight, minimises boom tip deflection and maximises the stress factors of safety. Given 
the geometry constraints, a satisfactory solution has been found based on the use of 
sound engineering judgement and manual iterations. Once a material was selected and 
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the maximum depth of the boom defined, the only parameters to manually change have 
been wall thickness and the material lay-up in each face. Here the material lay-up is 
d61ned by the number of plies, the orientation of these plies and the relative thickness of 
the plies. Some of the variables such as wall thickness are continuous while others such 
as ply orientations are discrete. Clearly the number of variables in the lay-up design may 
be large and the true relationship between them and the overall boom performances 
complex. In some cases these relationships may be conflicting. For example, increasing 
the wall thickness generally increases the weight while simultaneously increasing the 
stiffness and the stress safety factors. However, some lay-up and material configurations 
may have thicker wall thicknesses yet the stiffness and stress factors of safety may be 
less. It is these instances where the relationships are not always clear that systematic and 
robust optimisation methods may be of benefit. 
In this study a manual approach based on engineering knowledge and computational 
analysis tools has yielded an adequate design with acceptable dcflections and stress 
factors of safety. This has been achieved by manually conducting a large number of 
design iterations which is time-consuming. Furthermore, the success of the design is 
largely dependent on the skill and knowledge of the designer. 
Examination of the stress contours under an onerous loading shows that the wall 
thickness along the whole length of the boom is excessive to support the bending and 
torsion loads. This indicates that the boom utilises excess material that, if removedý 
would represent a better solution - reducing both weight and cost. if this were to be 
considered, additional variables are introduced and the problem becomes even more 
complex. Furthermore, the design presented here assumes that all the wall sections have 
the same wall thickness. This need not be the case and lighter booms may be obtained by 
having different thicknesses in each of the walls. In these instances, where it is necessary 
to find an optimal solution rather than an adequate solution, more sophisticated design 
tools will undoubtedly be of benefit, particularly when there are many different design 
options that produce similar results. Certainly computational tools will be necessary to 
handle the large amounts of data and non-linear relationships that are at the heart of the 
problem. 
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CHAPTER 4: 
GENETIC ALGORITHMS FOR THE SOLUTION OF 
STRUCTURAL OPTIMISATION AND INVERSE 
PROBLEMS 
4.1 Introduction 
71iis chapter provides a theoretical background to the subject of genetic algorithms prior 
to presenting specific and original applications in subsequent chapters. The objective 
here is not to provide any new fundamental insight into GAs and how they work-, but to 
provide the necessary background for understanding of the applications described later 
and to develop further some of the ideas presented in the literature review. 
The discussion will begin with an introduction to genetic algorithms; their analogy with 
adaptation of individuals in the natural world and the terminology that is used to 
describe them. This is followed by a presentation of the important characteristics of 
genetic, or evolutionary algorithms with respect to more traditional search and 
optimisation techniques. In order to put genetic algorithms as an optimisation tool into 
conteA a discussion of some of the important principles of structural optimisation is 
presented. The chapter continues by describing an outline for the implementation of a 
simple GA- The basic genetic operators and schemes for their implementation are 
presented alongside a discussion of how the algorithms work. Finally the main 
advantages and disadvantages of adopting GAs in the field of inverse damage detection 
and optimisation will be discussed. 
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4.2 Genetic Algorithms: An Analog_v with the Natural World 
Dcftnitions: 
Gene, noun, "Biology: the unit of heredity associated with deoxyribonucleic acid (DArA). andfound on a 
chromosome trwwnitting characteristics (e. g. eye colour)". 
Gtnctic, adjective, "of or relating to genes orgenefics". 
Genelics, plural noun, "the study of heredity and the differences between fiving things due to inheriting 
certain characteristics ". 
Evolution, noun, "Biology: the slow, continuous process of change in the characteristics of organisms 
from one generation to the next'. 
Algorithm, noun, "Maths: a clearly-defined sequence of operations for soMng a particular problem. 
From dw mune of the Iranian mathematician A I-Khawari. -mi". 
Source: Heinemann English Dictionary, Heinemann Educational Books lAd., London. 
Genetic (or evolutionary) algorithms take their inspiration from the seemingly cfficicnt 
%,. -ay in which the mechanisms of natural evolution permit species to develop and adapt 
to their environment over time. Unsurprisingly, the terminology used to describe 
biological and evolutionary concepts is also used in its numerical analogy. 
Genetic algorithms are considered a subset of a wider class of evolutionary 
algorithms that encompass all numerical methods loosely based or modcllcd on 
evolution in the natural world. In practice, it is not uncommon for the terms genetic and 
evolutionary to be used intcrchangeably. 
Central to evolutionary processes is the concept of natural selection and the passing- 
down of individual characteristics or attributes from parents to offspring. These 
attributes may be some physical characteristic, say for example the colour of an 
individual's eyes, which is represented by a particular gene. The complete set of 
characteristics that fully derine an organism may be described by a set of genes, referred 
to as chromosomes. We can think of two representations for an individual, the genot)pe 
and the phenotype. The genotype describes the raw encoded data that represents a 
physical characteristic or attribute, while the phenotype refers to the physical 
characteristic or attribute itself. It is understood that attributes may be passed down from 
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generation to generation via the reproduction of two parents, with the offspring 
inheriting a combination of genes and therefore attributes from both parents. 
This phenomenon describes how attributes may be preserved and passed from 
one generation to another. However, in order for a species to evolve and adapt to its 
environment it is necessary to introduce some selection bias. In Darwinian evolution, 
this is described as the survival of the fittest. In simple terms, those individuals that 
exhibit attributes that are best suited to a given environment are more likely to survive, 
reproduce and therefore ensure their relatively more successful genes (and attributes) arc 
passed onto successive generations. Meanwhile the least fit individuals, perish and their 
genes arc lost to subsequent generations. (Due acknowledgement is made to the gross 
simplification of this 'engineers' description of evolution for the purposes of 
explanation). Evolution may be thought of as an optimisation process in which species 
evolve over a number of generations to adapt to (sometimes changing) environments, 
%vith each generation successively improving on the one it replaces. 
GAs mimic this natural process to evolve progressively improved solutions to 
numerical optimisation problems. As in the evolutionary analogy, GAs require 
populations of individuals (points in the solution space) whose characteristics (variables) 
are encoded into chromosomes using a known mapping. By combining the 
chromosomes of parent individuals it is possible to create a generation of offspring 
individuals. The concept offitness is used in GAs to describe how well an individual 
solution performs against a prescribed criterion. In the case of optimisation problems, 
the fitness of an individual is a numerical value relating to how well it minimises (or 
maximises) an objective function. Probabilistically selecting pairs of parent individuals 
to reproduce, using fitness as a basis for the selection, it is Possible to introduce the 
requisite evolutionary pressure to ensure the fitness of subsequent generations of 
individuals improves. The power of GAs derives largely from its implicit parallelism, 
i. e. the simultaneous allocation of search effort to many regions in the search space 
according to sound principles, Greffenstette and Baker (1992). 
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4.3 Structural Optimisation 
In mathematical terms, structural optimisation problems may be cast in the following 
general form: 
Minimise; F (x) 
Subject to, gJ (X) < CJ j= 1'... 
and Xsipper <X< Xlower 
Equation 43.1 
Where F is an objective function, x is the vector of n design variables, (xI, x2,.... xd, g(x) 
is a functional expression of the constraints and cj is the limiting value for the 
constraints. x,, pp, and xl,,, represent upper and lower bounds that may be applicable to 
the individual design variables. 
Ile n-dimensional space defined by x is termed the design space. A set of design 
variables define a design point in the design space. Such a point is called a solution, 
which may be feasible if all the constraints are satisfied or infeasible if any of them are 
violated. Structural optimisation problems usually give rise to Nonlinear Programming 
(NLP) problems, (Lev (1981)) and it is not always known whether the solution of the 
optimisation problem constitutes a global or a local optimum. The solution of structural 
nonlinear programming problems typically involves an estimate of an initial solution, or 
some design point, xý from which the search for the optimum is started using some 
gradient or steepest-descent approach. 
The landscape of the objective function may be convex as illustrated in Figure 4.3-1(a), 
in which case there is a single optimum that is guaranteed to be the global optimum. 
Alternatively, the landscape may be multiniodal, i. e. exhibiting more than one peak-, as 
shown in Figure 3.2-1(b), in which case there may be multiple local and global optima. 
In many practical optimisation problems the variables can be discrete and the objective 
function landscape will be not be a smooth continuous surface at all. 
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(a) 
(b) 
Figure 4.3-1 Objective function landscapes F(x, y); (a) Single peak convex 
function; (b) Multiple peak non-convex function 
There are three classical types of search method for locating an optimum point within a 
solution space, Goldberg (1989). Calculus based, enumerative and random. Calculus or 
gradient-based methods seek an optimum solution by starting at an arbitrary initial 
location and hill-climbing by using gradient information to determine a search direction 
and increment step size. However, these methods are intrinsically local in nature and, 
although they may be effective at locating optima close to the initial starting point in a 
convex landscape, they cannot guarantee finding the global Optimum. Furthennore, since 
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these methods rely on the availability of derivatives, they may break down when 
presented Nvith noisy, non-continuous function landscapes that may typically be 
encountered in practical structural optimisation. Enumerative schemes are based on a 
brute-force method of discretising a solution space and systematically evaluating the 
function at each point. Although simple, this type of approach is cornputationally very 
inefficient and breaks down with large solution spaces - the so-called, 'curse-of- 
dimcnsionality'. 
So far it can be concluded that the traditional optimisation schemes are not generally 
robust - that is, while they may allow satisfactory solutions to certain problems, they are 
not readily applicable to a wide range of increasingly complex problems. Genetic 
algorithms offer an exciting alternative and present a general framework to solve a 
whole host of simple and complex optimisation problems, that can readily be adapted to 
suit the application at hand. 
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4.4 Characteristics of Genetic Algorithms 
Genetic algorithms as a tool for efficiently searching numerical spaces for optimal 
solution arc distinct from traditional search algorithms in a number of ways. The central 
charactcristics of genctic algorithms can bcen summariscd in the following points: 
1. GAs work with a coding of thr solution set - not the solution itself 
2. GAs search from a population of solutions, not from a single solution. 
3. GAs use payoff (objective function) information, not derivatives or other auxiliary 
knowledge. 
4. GAs use probabilistic transition rules, not deterministic rules. 
While, most mathematical models for searching solution spaces based on gradient 
information perform operations on individual solutions, GAs work on an encoded 
representation of the solution. If a solution to a problem is described by a vector, the GA 
does not operate on the actual values of the vector - rather, a string-like representation 
of this vector in genotype space. The genotype space describes solutions in the encoded 
forni, while the phenotype space describes the actual numerical or physical values that 
correspond to the genotype representations. This approach can be likened to the use of 
Laplace or Fourier transforms in which solutions to an actual problem are found by 
tr=forming or mapping them onto another plane. Techniques for encoding physical 
characteristics into a chromosome will be discussed later. 
in contrast to many traditional search techniques GAs are blind. To perform an 
effective search they require only payoff (objective function) values for each individual 
suing. Because of this, genetic algorithms are useful for solving those problems where 
the mathematical model is nonlinear and the form of the mathematical model is different 
for each alternative solution. One such example is highlighted in Chapter 6, in which 
cracks are located in a finite element model of a box-section structure. If the crack is 
modelled as a physical discontinuity then the FE model changes depending on crack 
location and length. 
The GA comprises of two distinct components; the GA routine itself and a 
function evaluation routine. The GA uses only the numerical output data in terms of a 
fitness value from the evaluation routine, which is effectively a black-box. In other 
words, GAs are not sensitive to the way 
in which the evaluation is done. This 
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dependence on the results of the evaluation rather than the form of the evaluation 
function has the advantage of making GAs robust in that the basic algorithm can be used 
for a wide variety of optimisation scenarios by simply changing the evaluation black. 
box. Although, in the widest sense, genetic algorithms are considered to be robust search 
strategies, the actual performance of the algorithm, in terms of the number of evaluations 
required to produce an acceptable solution, may need to be improved - usually as a result 
of computational limitations. In these instances the basic algorithm can be improved by 
introducing problem specific knowledge in the form of chromosome representation 
constraints and problem specific genetic operators. 
Genetic algorithms work using probabilistic rules rather than deterministic rules. 
Therefore, they belong to the family of stochastic mathematical models - that is, each 
successive run of a GA follows a different path and may not always return the exact 
solution. The success of a given implementation has to be the judged against the 
probability of finding a solution to within a given tolerance. It should be noted that a GA 
can return more than one potential solution. In these cases, it is up to the analyst to 
decide which if any of these solutions is correct or acceptable. In those cases where a 
particular problem does not have a single unique solution, for example in multiobjective 
problems, the result is usually a family of Pareto-optinwl solutions. Multiobjective GAs 
have been previously investigated by a number of researchers including; Cheng and Li 
(1998), Fonseca and Flemming (1993), (1995) and HaJela and Shih (1990). 
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4.5 A Simple Genetic Almorithm 
Having discussed the general characteristics of genetic algorithms, consideration will be 
given to how they may actually be implemented. To this end, the following outlines a 
typical genetic algorithm: 
begin 
t=I 
initialise population 
evaluate population (t) 
"ile (not termination-condilion) do 
t+I 
create new population(t) using genetic operators 
evaluate population(t) 
end 
end 
An initial, randon-Ay generated population of chromosomes is generated in either 
genotype or phenotype space. The phenotype values of each individual are passed into 
an objective function, which returns a numerical figure to describe how well the 
individual performs against set criteria. This objective function, or fitness value, is 
recorded for each individual. Fitness can be considered the inverse of the objective 
function, i. e. the fittest individuals are those that best minimise the objective function. 
The new population is created by probabilistically selecting the fittest parent individuals 
from the previous generation and using them to create a new population of offspring 
using the genetic operators of crossover and mutation. The algorithm then continuously 
creates and evaluates subsequent populations unfit a given termination condition is met. 
Each successive population is created by performing operations on the genotype 
representation of each solution, while the fitness of objective function is determined by 
performing numerical evaluation on the phenotype representation. 
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4.6 Chromosome Representation of Solutions 
In order to implement a GA for a specific problem it is necessary to determine how the 
real design variables will be encoded in a string-like chromosome. Traditionally, GAs 
have tended to use binary strings to encode the variables, although more recently, there 
has been a trend towards using real-life representations. While it may be debated that 
some encodings are superior to others, the choice of representations is largely problem 
dependent. Factors such as ease of programming, the ability to incorporate a-priori 
knowledge and constraints as well as personal preferences all effect the decision. The 
range of encodings is only limited by the imagination of the user and the range of 
problems that can be solved. Therefore, to propose specific rules on the type of encoding 
that should be adopted in a given situation is an impossible task. The following 
description uses a simple binary encoding. 
A central concept behind GAs is the idea of mapping actual solution vectors into a 
string-like representation that can be manipulated using the genetic operators such as 
crossover and mutation. The most commonly used representation in GAs is the binary 
alphabet (0, I) although other representations can be used, e. g. integer, real-values etc. 
Zalzala and Fleming (1997). Often, the chromosomal representation may be the most 
important factor in the success or failure of the algorithm, Haataja (1999). 
As an example of a simple binary encoding, consider a simple function f(x) for which 
any potential solution to the function can be represented by the vector, X= (XI. Xd. This 
vector can be mapped into a string-like representation in genotype space as shown in 
Figure 
f(X) : -- XI+ X2 
Equation 4.6-1 
1 10 0 10 01 10 01 
4 014 0 
XI X2 
Figure 4.6-1 Generic binary chromosome definition 
The basic building block in a chromosome is known as an allele. In the binary 
chromosome illustrated in Figure 4.6-1 each allele is either a '1' or a '0. Groups of 
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alleles are known as genes, which represent particular characteristics or variables in 
phenotype space. In the above example, the gene '110010' is a binary representation of 
the variable xi. 
Each chromosome is meaningless unless the mapping that allows the chromosome to be 
converted into an equivalent phenotype solution vector for the problem is known. In 
some cases the binary representation may be mapped directly into its decimal equivalent, 
in which case the chromosome in Figure 4.6-1 would represent the vector X= (100,5 1). 
Alternatively, this decimal value may be subsequently constrained to lic within a 
specified domain using an appropriate linear mapping. Of course, in this type of binary 
representation, in which continuous variables are discretised, the level of accuracy to 
which a problem can be solved depends on the length of each gene within the 
chromosome. However, the true flexibility of GA method can be seen by allowing 
solution vectors of mixed decimal, integer and binary values to be encoded and solved 
which represent real life problems. 
Consider the following problem of the hollow box section beam illustrated in Figure 
4.6-2. We seek a chromosome that contains sufficient information to allow the mass of 
the beam to be calculated. 
Figure 4.6-2 Box section beam notation 
The mass of the beam is determined using Equation 4.6-2, Where the values H and B are 
fixed and represent the height and breadth of the beam respectively. I and t arc 
---------- 93 
Chapter 4: Genetic Algorithms 
continuous variables between upper and lower limits representing the length and the 
wall thickness of the beam respectively. p represents the density of the material. 
M=p. l. ((H. B) - (H - 2. t). (B - 2. t)) 
'min :51: 5 'max 
< t: 5 tmax 
Equation 4.6-2 
Assuming the material is known, the Mass, M can be calculated using the following 
solution vector, V. 
v=[l 
Lt 
Equation 4.6-3 
can be converted into a chromosome by converting the decimal values into a binary 
equivalent. 
I 
Ulu] "i 00111 P- 10 
t 
Figure 4.6-3 Binary chromosome definition 
if in addition to the length and wall thickness, the beam material is also unknown, it is 
necessary to somehow incorporate the material into the encoding. In a real-life design 
problem, the material is not a continuous variable, as before, but a discrete variable. Let 
us assume there are four candidate materials, (mat = material], materia12, materjaJ3 or 
m, alerial4). Vector, V for each solution therefore becomes that shown in Equation 4.6-4 
and the equivalent chromosome representation may be seen in Figure 4.6-4. 
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mat 
I 
t 
Equation 4.6-4 
[1-410101100111 
mat 1 
Figure 4.6-4 Mixed integer/binary chromosome definition 
The type of chromosomal encoding selected can vary depending on the problem, but it 
essentially involves a discretisation of the solution space. In the above example a 
continuous variable has been described as a discrete variable. Where continuous 
variables are described in this way, the level of discretisation depends on the mapping 
and the number of alleles in the gene that represent it. Care should be taken to ensure 
that the level of discretisation is suitable for the problem at hand. Any problem for 
which the variables that are sought can be encoded in this string-like manner can be 
solved using a genetic algorithm. 
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4.7 Function Evaluation: Objective Functions and Fitness Values 
An objective function is used to define how well an individual solution has performed in 
the problem domain. The ultimate goal of the analysis may be to either maximise or 
minimise the objective function, depending on how the problem is formulated. In 
inverse problems the objective function may be defined as the difference in structural 
response between an analytical model and experimental data. The objective of the 
analysis is to minimise the objective function. Conversely, in a production planning 
optimisation problem, the objective may be to determine the set of problem parameters 
that maximise financial profit. GAs work on a numerical value offitness, which can be 
defined as a non-negative scalar measure of how well, an individual solution performs 
against the objective of the analysis. Le. a fitness function is normally used to transform 
the objective function into a measure of relative fitness. This is shown in Equation 4.7-1, 
%vhere ffi) is the fitness function, g is some transformation function and F(x) is the 
corresponding fitness value. 
F(x) = g(f(x)) 
Equation 4.7-1 
As an illustrative example, consider an inverse problem where the goal is to minimise an 
objective functioriffi). A transformation similar to that in Equation 4.7-2 is necessary to 
ensure that those solutions with the highest fitness values 
have the lowest corresponding 
objective function values. Generally, if the problem is formulated as a maximisation, the 
transformation may not be required. 
F(x, ) -- 
f, (X') 
Pýý , lf(x, ) 
J. 1 
Equation 4.7-2 
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4.8 The Basic Genetic Operators : Reproduction, Crossover & 
Mutation 
As described, new populations of solution chromosomes are generated using the genetic 
material from the fittest solutions in the previous generation. This is achieved using 
three fundamental genetic operators; selection (or reproduction), crossover and 
mutation. Crossover works by selecting two parent chromosomes from the current 
generation and combining substrings of each parent's chromosome to produce offspring 
using one of the available crossover mechanisms. The parents are selected using an 
appropriate probabilistic selection operator with a bias in favour of those that are fitter. 
This ensures that the more successful genes are likely to be passed down to subsequent 
generations and that the less successful genes are removed from the gene-pool. Mutation 
introduces new potentially useful genetic material into a population by randomly 
changing individual alleles or groups of alleles according to some mutation criterion. 
The mechanisms of selection, crossover and mutation result in the diversity of the 
population reducing as the algorithm progresses. Diversity can be defined and as the 
spread of basic building blocks that are present in a population and how different they 
are. As this progressive loss of diversity continues, the algorithm is more able to explore 
local regions of interest and less likely to find alternatives in the global perspective. 
Therefore, there is a balance to be met. While loss of diversity is generally beneficial (it 
signals that the algorithm is improving and honing-in on single or multiple areas of 
interest) if the algorithm loses diversity too quickly it may lose vital genetic material or 
building blocks that might allow the algorithm to explore other beneficial regions in 
parallel. 
It is helpful to think of a genetic search in terms of two distinct phases, 
e th 16 . xploration, 
in which the algorithm globally samples different regions of e so u on 
space for profitable areas and exploitation, in which, having located a promising local 
region of interest, the algorithm searches the local area for further improvements. If 
formulated correctly, GAs allow global (explorative) searches to be combined in parallel 
j, vith local (exploitative) searches. 
In the early stages of an algorithm the generations will be at their most diverse. 
In order to explore the whole solution space, and ensure the located optimum is indeed 
the global optimum, it is necessary to maintain diversity in the genepool. Premature 
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convergence to a low-divcrsity population may occur early in the algorithm if solutions 
are dominated by a few very fit solutions. In order to avoid this the method adopted for 
selecting parents is of great importance. 
4.8.1 Selection of Parents 
There exist three principal methods for the selection of parent chromosomes; (1) 
Proportional selection (sometimes known as roulette wheel selection), where the 
probability of selection is proportional to the individual's fitness; (2) Ranking methods, 
where all individuals in a population are sorted from the best to the worst and 
probabilities are fixed depending on their relative ranking; (3) Tournament selection, 
where a number of individuals (usually two) compete for selection to the next 
gencration. The choice of selection method depends largely on the distribution of the 
fitness values across the population. If the fitness values are distributed evenly across the 
population in a roughly linear manner then the proportional method may work well. 
However, in those populations in which a few individuals exhibit high fitness values, 
while the balance of the individuals exhibit only average fitness, there is a danger that 
the super-fit individuals will dominate when the proportional selection method is 
adopted. This can lead to premature convergence with potentially beneficial genes 
present in the less fit individuals being lost permanently. In these situations it may be 
considered berieficial to adopt the ranking method. Equation 4.8-1 represents a 
mathematical representation for the roulette wheel selection method. 
prob, - 
fl 
ý fi 
Equation 4.8-1 
Where Probi is the probability of selecting the 1h individual with fitness fj from a 
population of sizej. 
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4,8.2 Crossover 
A number of different crossover mechanisms exist, but among them the most common 
are the single point, the double point and the uniform mechanisms. All involve randomly 
selecting a single or a multiple location in the parent chromosome to split the 
chromosome into multiple sub-strings. The corresponding sub-strings of each parent are 
svmpped over to create the offspring. See Figure 4.8-1. In this way genetic material from 
two parents is combined to produce offspring, which inherit certain characteristics of 
each parent. 
Crossover is the primary operator that leads to the almost exponential improvement in 
the average fitness of each generation. Two parents are selected and then allowed to 
crossover to produce offspring with a given probability. The probability of crossover 
occurring is relatively high and values of 0.6-0.8 are reported to work well, Hajela 
(1990). If crossover occurs the offspring are passed onto the next generation, otherwise 
another set of parents are selected for potential crossover. In some optimisation schemes 
the fittest solution in any given population is automatically passed into the next 
generation without modification. This guarantees that the fittest solution in subsequent 
generations is at least as fit as the previous generation. These schemes are referred to as 
elitist GAs- 
4.8. L -Mutation 
Although the crossover mechanism is highly effective in the early generations at 
improving the average fitness of the population. It preserves the fittest genes in the gene 
pool and removes those that are not as effective at minimising the objective function. 
This can lead to a reduction in the genetic diversity and lead to premature convergence 
of the algorithm. Furthermore, if the initial random population did not contain some 
beneficial gene, or that gene has inadvertently become lost to the population, then the 
algorithm may fail to sample a potentially beneficial area of the solution space. The 
Mutation operator guards against this and helps introduce potentially new solutions into 
the population. This random operator works by refreshing the gene pool and ensuring 
that diversity is always being incorporated into the population. The whole method works 
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on the principle that in order for the algorithm to remain healthy, robust and able to 
cfl'iciently search the solution space it must maintain a diverse gene pool. Mutation is 
best illustrated with a population of binary chromosomes. Once a new population is 
created using the crossover mechanism each allele in the chromosome is allowed to 
invert with a given probability. This level of probability is relatively small (values of 
0.01 to 0.03 are reported to work well, Hajela (1990). If this were not the case, the 
random mutations would override the benefits derived from the crossover mechanism 
and the algorithm would tend towards a completely random search. 
To illustrate consider the following chromosome, for which the mutation operator has 
randomly been selected to occur at location 5. At this point the '1' is inverted to a '0'. 
Conversely, if the allele at location 5 had been '0' it would have been inverted to a 'P. 
Before Mutation 01011100001 
After Mutation 01010100001 
The relative importance of the two genetic operators changes as the algorithm 
progresses. Crossover is the dominant and most effective operator during the early 
period of the algorithm, when the entire solution space is being sampled to determine the 
location of global minima. At this stage the population is very diverse. As the algorithm 
progresses it establishes the most likely global optimum, but begins to lose genetic 
diversity. This is where mutation becomes increasingly effective. By allowing 
completely new alleles, (and therefore genes) to be introduced into the population, the 
algorithm can perform a localised search to pin-point the minimum while simultaneously 
sampling the global search space to improve confidence that the located optimum is 
indeed the global one. Of course, both operators work in tandem - once a beneficial gene 
has been introduced by mutation it is then rapidly distributed throughout the population 
by the crossover mechanism. 
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a) Single point crossover 
Parents 
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Offspring 
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b) Twin point crossover 
Parents 
c) Uniform crossover 
Offspring 
Figure 4.8-1 Crossover mechanisms; (a) Single point, (b) Double point, (c) 
uniform 
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4.9 Infcasibiltv & Constraints 
Few practical optimisation and search methods are conducted in unbounded or 
unconstrained domains. Most problems have a number of physical limits, which serve as 
boundaries to the solution domain and any search mechanism needs strategies for 
dealing with unfeasible solutions. GAs employ a number of such strategies; rejection 
strategies, penalisation strategies, repair strategies and specific encoding strategies. The 
issue of constraint handling is discussed by Hajcla and Yoo (1996). 
The simplest strategy is the rejection strategy in which any infeasible solution is 
immediately killed-off and replaced with another individual. Despite it's simplicity, this 
method is limited since infeasible solutions may nevertheless contain genetic material 
(schema) that may be present in a very fit individual. Thus, the rejection strategy may 
result in the loss of genetic diversity. A popular alternative is the use of penalisation 
strategies. These work by appending a penalty term to the fitness function of infeasible 
solutions. In this case, the fitness function becomes a composite of the objective and 
constraint functions - thus reducing the likelihood of such solutions being selected as 
parents, without entirely destroying any beneficial genes they may contain. By relating 
the penalty term to the degree of infeasibility the GA is capable of performing a search 
just beyond the boundaries of the solution domain. As noted by Hajela and Yoo (1996) 
the performance of the algorithm can be sensitive to the value of the penalty term, since 
the selection of the parent individuals is related to the fitness. If the penalty term is too 
small infeasible solutions may have better fitness values than some feasible ones. 
Furthermore, introducing penalty terms that are too high is analogous to the rejection 
strategy. The use of penalty functions introduces complexity into the algorithm. 
Questions that need to be addressed include: What value of penalty function should be 
used in a particular algorithm? Should the penalty be scaled so that solutions that only 
just violate a constraint are penalised less than those that violate it by a large amount? 
Should the penalty terin be scaled as the overall fitness of generations improves to 
maintain the relative effect of the constraint? 
It is the experience of the author that while penalty terms may be effectively used 
to handle constraints, it requires a large degree of trial and error and experience to 
produce optimal constraint penalties. 
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Rcpair strategies work by using either a-priori knowledge or a random mutation-like 
operation to repair chromosomes that violate constraints in an attempt to project them 
back into the feasible domain. Alternatively, constraints can be enforced by the 
chromosome representation. For example, a binary substring of a chromosome that 
corresponds to a continuous design variable may be constrained to lie within given upper 
and lower bound by the use of a scaling factor in the genotype/phcnotype mapping. As a 
further example of chromosome-specific constraints, structural symmetry can be 
incorporated by considering a chromosome that only incorporates one half of the total 
design variables. 
A recent paper by Zalzala and Fleming (1997) discusses many of the issues relating to 
the use of constraints in GA optimisation and proposes a method that incoroporates a 
degree of 'fuzzyness'. 
4.10 How Genetic Algorithms-Work 
Ile mechanics of genetic algorithms are surprisingly simple, involving relatively 
straight-fonvard manipulation of string-like chromosomes that represent solutions to 
problems. Anyone who has implemented a genetic algorithm will testify to the 
fascination of setting up an initially random population of individuals and watching as 
they evolve towards a distinct solution or set of solutions to a given problem. The 
process is quite unlike any traditional and deteministic mathematical algorithm. 
By simply looking at the data from an algorithm and observing the patterns 
v, ithin the populations of chromosomes as it progresses, the user is able to appreciate the 
beauty and simplicity of the method. On the surface of it, the algorithm is driven by 
probability and random events, yet regardless of the initial population, multiple runs of 
the same algorithm do return the same, or similar final results Nvith what seems like 
suTprising Tegularity. 
Examining the lists of chromosomes from generation to generation, the eye is 
dra%vn to certain patterns that are present in the fitter and more successful individuals. 
Certain patterns within the chromosomes rapidly propagate throughout the generations. 
These patterns are the basic building blocks of genetic algorithms and constitute the 
genetic material that is available to it and from which it may synthesise fitter individuals. 
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The study of these building blocks, or schema, is the foundation for a mathematical 
explanation of the performance of genetic algorithms. Schema theory was proposed by 
Holland (1975) to describe the wealth of basic information that was actually included 
and processed in even small populations of chromosomes. A schema is a similarity 
template describing a subset of strings with similarities at certain string locations. In 
order to explain with reference to an example, consider a chromosome or string that uses 
the binary alphabet. The similarity templates, or schema within the string can be studied 
using the alphabet (1,0, *), where * is the don't care symbol denoting that the allcle may 
take either of the other two values. For example the schema *111* exists in the 
following family of strings, (I 1111,01111,11110,01111). Schemata arc best thought 
of as a pattern-matching device. It can be demonstrated that an arbitrary string of length 
I contains Y schemata. This arises from the fact that each allele can assume either its 
actual value or the * symbol. Therefore, in a population of n individual strings, the total 
number of schemata lies somewhere between 
ý and n. 21. It has been estimated by 
Holland (1975) that the total number of schemata processed by a genetic algorithm is 
proportional to the cube of the population size, W. In other words, for every generation 
of n computations processed the total schemata or useful information processed in 
parallel is in the order n3. This important result is termed implicit parallelism and is 
unique to generic algorithms, Goldberg (1989). 
4.11 Discussion 
As discussed in the literature review, genetic algorithms as function optimisers are being 
used in a wide range of applications. This is explained by the fact that they are 
conceptually simple and, as a general tool, are applicable to any optimisation problem 
regardless of the type of objective function landscape, the state of the variables and the 
physical constraints. While GAs are robust in this context they may easily be adapted 
and modified to suit problem specific applications. The range of problem specific 
adaptations that are possible is large and limited only by the imagination of the user. In 
comparison with traditional optimisation techniques, such as enumerative or 
mathematical programming, GAs perform well in many real-world problems which may 
be characterised by noisy observations. However, in the case of %vell-derined convex 
functions, gradient based methods are difficult to beat for efficiency. 
104 
Chapter 4: Genck Algorithms_ 
A vital advantage that genetic algorithms have in the search for optimal solutions 
is the ability to incorporate problcm-spcciric or a-priori knowledge that is generally 
available for most real-world problems. This a-priori information may be incorporated 
at many levels either in terms of constraints, specific chromosome cricodings or with the 
development of new genefic operators. To a large degree, having set up a basic 
algorithm the user is free to explore a whole host of customisations. The performance of 
a given genetic algorithm may depend on many factors including, among others; the 
chromosome representation, the crossover and mutation schemes and probabilities, the 
selection scheme for parents and the size of the population. Although GAs have been 
demonstrated to be efficicrit at searching large solution spaces by sampling a small 
proportion of the solution space, they can still require significant computational effort. 
This effort is largely consumed in the function evaluation step, especially if this requires 
the solution of a large number of simultaneous equations for each evaluation, as is the 
case with the finite element method for complex structures. This is an acknowledged 
Achilles-heel for genetic algorithms. Because of this computational pressure, efforts to 
optimise GAs may make them more attractive. To improve their cfficiency GAs can be 
readily hybridised; in other words, they may be incorporated with alternative solution 
techniques that require payoff data within the GA loop. An additional interesting 
concept is that of self-optimisation. Seeing as GAs are advantageous as function 
optimisers, why not use them to optimise their own control parameters and formulation? 
So-called mcta-genctic algorithms encode the control parameters such as population size 
and crossover rate as variables to be solve within a GA. Furthermore, genetic algorithms 
arc intrinisically parallel and, as parallel processing computing becomes more readily 
available, it is expected that there will be a corresponding increased potential for 
applying genetic algorithms to ever more complex problems. 
In the context of this work-, it is envisioned that the form of the objective function 
and the constraints can remain static - that is, they keep the same basic form throughout 
the lifetime of the algorithm. In evolutionary terms, the environment in which the 
species is evolving remains the same. However, as in the natural world, it is possible that 
the environment will change. GAs are capable of handling this and can equally be used 
to optimise solutions with dynamic objective functions and constraints. 
Potential areas for the future development of GAs from a pure development perspective 
have been discussed recently by De Jong (1999). These include further specialisation of 
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the algorithms to model other phenomena from the natuml world such as Lamarckian 
behaviour. Since GAs arc highly parallel processes, developments in parallel computing 
opcn the door to more sophisticated population models that allow speciation and 
nicheing to evolve more robust solutions to evermore complex problems. Despite efforts 
to describe the fundamental theoretical behaviour of GAs, as in the Schcma theory of 
Holland, the behaviour of GAs is still very problem dependent and further work is 
needed on a fundamental level to improve predictive theories. 
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CHAPTER 5: 
AN INTEGRATED FINITE ELEMENUGENETIC 
ALGORITHM (FE/GA) TOOL FOR THE 
SOLUTION OF STRUCTURAL OPTIMISATION 
AND INVERSE PROBLEMS 
5.1 Introduction 
inverse analyses, in which the unknowns of a structure are determined using system 
identification techniques, have a variety of applications in structural mechanics. 
Depcnding on the problem to be solved, the unknowns to be determined may be the 
material properties, applied loads, boundary conditions or even the geometry of the 
specimen. 
In general, inverse system identification techniques involve updating an 
analytical model representing the structure, so that the difference bct%veen some measure 
of analytical response and the equivalent experimental response is minimised. In this 
sense, the inverse problem can be viewed as an optimisation problem. 
Central to the analysis is the correct selection of an appropriate analytical model 
to accurately predict the response of the structure, and an efficient and robust 
optimisation algorithm for updating the model. Both of these components can be 
programmed into a problem-specific algorithm, however the programming of an 
analytical model is largely problem dependent, can be time-consuming and needs to be 
vcrified for accuracy. This is particularly true of structures in which the geometry and 
the material properties are complex. Therefore, it is considered beneficial to develop a 
robust tool that can be readily applied to a wide range of inverse and optimisation 
problems. 
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The analytical model for an inverse analysis can be any proven mathematical 
McAcl but for real-life structures, either the finite element method or the boundary 
clerricrit method is generally adopted. Both of these numerical methods for representing 
structural performance are well established in solving standard fonvard problems and 
numerous software packages are routinely used in academic and industrial applications. 
Since these methods work by discretising problems the use of GA's to update them 
appears intuitive. 
By far the most popular structural analysis tool is the finite element method. 
Modern FE packages allow complex structural models to be built and solved using a 
uscr-fricndly standard graphical interface and the analyst has access to a large array of 
clement formulations. 
The aim of this chapter is to outline how this versatility can be incorporated as a 
, black-box object within a genetic algorithm to solve 
inverse system identification and 
C)ptimisation problems. Of course, it is possible to code the problem-specific FE model 
directly within the function evaluation routine within the GA, but this is time-consuming 
from a programming perspective and requires more sophisticated languages than the 
. Simple scripting 
language that is used here. Furthermore, each different structure to be 
Enodclled will need re-programming. The principal aim and advantage of the integrated 
'Finile 
ElementlGenetic Algorithm (FEIGA) approach described here is for a versatile 
and robust solution strategy 
for the solution of structural inverse analyses using GA's, 
j,. ith minimal computing knowledge and coding required. 
Indeed, the method described 
requires a similar approach, whether the problem to 
be solved is an inverse damage 
detection and quantification problem or a structural optimisation problem. 
T, 6ý, o criticisms can be levelled at standard finite element packages. The first is that they 
are -intensive and inefficient when used 
for repetitive and routine analysis. The 
,, 
labour 
second is that the extraction and presentation of the results 
is dependent on the limited 
built-in tools available within the application. On many occasions, this does not suit the 
data being extracted. The concept of a user-interface, in which the analyst can control 
the building of a model, its solution and how the results are presented, goes a long way 
t, o countering these criticisms. 
Furthermore, it opens the door for the finite element 
rnethod to become a 
fully integrated component or object %vithin relatively complicated 
algorithms including 
GA's and other optimisation tools. 
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Tbe method described here exploits the versatility of the LUSAS finite element package 
by integrating it as an object within a genetic algorithm. The principal advantage of the 
approach is that the broad functionality of the finite element application can be used to 
model many structural scenarios, without needing to know the exact form of the 
analytical model. It is sufficient to enter the geometry, the loading and the boundary 
conditions without explicitly stating the form of the analytical model. This is handled 
inside the FE application and is effectively hidden to the analyst. It is expected that this 
, work will provide the basis of future automated and robust inverse analyses. 
The described method is applicable to many structural problems in which the state of the 
structure is unknown. One area in which system identification 'problems can be of 
r, onsidcrable benefit is in damage detection and quantification. The application of this 
general tool to the detection and quantification of damage in composite structures is 
discussed in further detail in subsequent chapters. This chapter discusses the general 
approach to solving such problems, and describes an integrated genetic algorithm/finite 
element (FE/GA) method that is programmed in VBScript and operated within the 
LUSAS finite element package. A principal advantage of this method is that at the end 
of the algorithm, the damaged structure exists as a 
fully defined FE model that can be 
used to determine the residual properties of the structure under 
in-situ loading. These 
residual properties may 
be defined in terms of reduced stiffness, strength and or 
CXpectcd life. 
Note that although this chapter focuses on the use of the tool to solve structural inverse 
problems, it can be readily adapted 
for use as a powerful design tool to optimise the 
design of structures subject to physical and performance constraints. 
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5.2 Theorv 
The central idea of the approach is that an analytical model representing a damaged 
structure is systematically updated using a genetic algorithm to minimise the difference 
in structural response between an analytical model and an equivalently loaded 
cxperimental specimen. Mathematically, the problem is stated in a general form as the 
ininimisation of an objective functionf, (Equation 5.2-1). 
VF(d 0,11, _ 
dam) 
Equation 5.2-1 
Where dj . ., is a vector ofj experimentally 
determined structural responses, z and d,,,. is 
the corresponding vector ofj analytically determined responses, Z, (Equation 5.2-2). 
dex, Z2, 
dana 12ý, Z 
Equation 5.2-2 
Ilere, %vc are concerned with how the experimentally observed input data is fed-into a 
GA that automatically and iteratively updates the analytical model and minimises the 
above objective function. On termination of the algorithm, the analytical model reveals 
the actual damage that is present in the structure. 
Figure 5.2-1 illustrates a general iterative approach for solving a system 
identification problem. The first stage is to determine the response data to be used. This 
data can be any measurable response - either static or dynamic. When considering the 
response data, consideration must 
be given to how the data will be physically extracted 
and to ensure that there is sufficient 
data to ensure a unique solution. The data can be 
either extracted from a single 
load case, as demonstrated in Chapter 7, where optical 
%%-hole-ficld response data is used 
from a single load case. Alternatively, the data can be 
extracted from more than one 
load case, as demonstrated in Chapter 6, where multiple 
load cases arc used to generate a vector of multiple structural responses. In both cases, 
the choice of structural loading is of vital importance to the success of the investigation 
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since not all loads will return a sufficiently sensitive response to allow the damage to be 
rc-, cal ecL 
Measure experimental 
response 
Build analytical model containing 
damage and solve for structural 
response 
Compare experimental and 
analytical response 
Update analytical model 
and solve for structural 
response 
Is the difference betwedi- 
I analyfical and experimental u 
response minimised? NO 
YES 
erminate algori 
Figure 5.2-1 General approach to the solution of inverse system identification 
problems in which the damaged state of a structure is sought 
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53 TAJSAS V13 
LUSAS is a Windows-based general-purpose finite element application capable of 
solving a wide range of structural mechanics problems. It is commercially available and 
developed by FEA Ltd., Kingston-upon-Thames, Surrey, UK. 
The application uses a Windows Graphical User Interface or (GUI) to build the 
gcomary of the structure to be analysed (Figure 5.3-1). The application is routinely 
used to solve forward, deterministic structural problems using the four general steps 
listed below. 
1. Build geometry 
2. Define clatasets 
3. Assign datasets 
4. Solve for nodal degrees of freedom 
-fbe first stage in a forward analysis is to build the geometry that is shown in the 3D 
graphics window. This can be done by using the built-in modelling tools or by importing 
geometry from a CAD package in either DXF (Drawing Exchange Fonnat) or IGES 
(initial Graphics Exchange Specification) format In either case, the geometry is defined 
as a hierarchical set of points, lines, surfaces and volumes. The next stage is to define 
datasets that describe the attributes of the model. These include the type of mesh, the 
boundary conditions and the material properties. Once defined, the datasets are listed in 
the treeview and can be assigned to the underlying features in the geometry using 'drag- 
and-drop' techniques. Once the model has been fully definedý the solver is launched. 
This compiles the stiffness matrix and solves for the unknown nodal displacements. 
Finally, the results are loaded into the graphics window on top of the model geometry 
for viewing and post-processing of the results. 
As %vell as linear static problems, LUSAS can process a host Of dynamics and non-linear 
problems. The element library is extensive, allowing the analyst to select from a wide 
range of element formulations. Additionally,. the analyst can exploit the composite 
Capabilities of some elements to define orthotropic laminae and then use them to build 
UP User-defincd laminates. I 
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Opcn Command File 
Oraphics Window 
Figure 5.3-1 LUSAS Graphical User Interface, GUI 
in order to construct an analytical model of a structure, LUSAS reads lines of code that 
define how the model should be built, solved, viewed and manipulated. All the functions 
that can be performed within LUSAS are as a response to these text instructions. Early 
finite element packages worked in this way, with the analyst manually typing in a list of 
Software-specific instructions that defined the model. The user friendly packages 
SVZjlable today still work in this way 
but, rather than input the code directly, a GUI is 
Dataset TreeView Command Line Toolbar 
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used that translates the analyst's mouse clicks and drag and drop operations into the 
Ilrm of code. In LUSAS there are two methods of modelling, the first Is to use the GUI 
SjW the second is to directly type individual instructions into the application using the 
LUSAS-specific command instructions, although both can be used together if the analyst 
prefers. 
A full model comprises of a list of instructions known as a 'command file', Execution 
of cach of the commands in turn instructs the software to perform a given task. An 
cxample of a simple command file for creating the rectangular cantilever plate model 
shown in Figure 5.3-2 is listed in Figure 5.3-3. 
""""" 
-"""". 
" 3 
Figure 5.3-2 FE model of cantilever plate structure, fully supported at the left 
hand edge and loaded on the right hand edge 
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DERVE POINT PN- I X- 0 Y- 0 Z= 0 
MUSE POINT PN- 2 X-2 0 Y- 0Z-0 
DERME POINT PN-3 X-20 Y= 10 Z- 0 
DERSE POINT PM- 4 X- 0 Y- 10 Z- 0 
DERSE LINE LN- I PN- I PN- 2 
DF, F-lNE LINE L. N- 2 PN- 2 PN- 3 
DERAE MAE LAr-3 PN-4 PN-3 
DF-RAE LINE U- 4 PN- I PN- 4 
DMAE SURFA CE SN- I IN- I LM-2 LtV-3 LIV-4 
Dm, %, E MESH BY AWAE 772"LE AfSH-1 FEAlYP-SURFACE LMAAfE-Q7S8 AfSHnP-3 
FafM77-1.5 DELTA -OANGQUD-0 NDIVX-4 NDI; 7-8 777LE-"SurfaceAfesh I" 
DMNEGEOMETRY IGMP-1 LGTPF-7E-0 T-0.5 77TLE-077, ickless 0.5p, 
DF. FNEAMTEWALLVAT-2 AM77YP-1 LPIPF-I E-2. JOE+ 05 NU-0.27 RHO-0 ALPA -0 AR- 0 
BJR-O T-0 77TLE-"SIee4 (Nmm) (elastic)" 
DERNE AMTERIAL SET AfAT=I LPTPF=801 
15F, PLS-N RPDn-0 USECRP=N DAMD7S=O 
tr,, EVH-N 
77TLE-"Steel, Nmm)" EUD7-S-2 PLSD7S-0 
USEDAM-N VISD7S-0 USEVIS-N 7PHD7S-O 
DLF7, %ESUPPORTS7RUC7UR, 4LISUP=l U=R V=R W-RTHX-R 771Y-R 771Z-R 771LI-F77IL2-F 
pJjl_F PRES-F IFnPE= "ALL " 77TLE="Fully Fixed Support" 
DF. f7, %E LOAD RRUCTURAL TIME ILDG-1 LY; PF-GDL PX-O PY-0 PZ-. Ioo 
im'PE-DISMIBUMO 17TLE="Load-100" 
ASS7GNLOADINGLINELM=2 ILDG-1 LCID- I FACTOR=] 
A&9GNSUPP0RTLIWELN=4lSUP=l LCID=1 
ASSWNGEMIEMYSURFACE SN=l IGAIP=1 
A VVGNAfA TERML SURFACE SN= I LVfA T= I 
AWGNA&W SURFACESN-1 LtfSH=l 
Figure 5.3-3 Example command file for building the FE model illustrated in 
Figure 5.3-2 
%Vith reference to the above command file, the DEFINE command is used to define 
either a geometrical entity or a dataset. The ASSIGN command assigns a given dataset to 
a suitable geometrical entity. 
A useful-feature of the application that helps in creating the GA model command file is 
the ability to create a model using the GUI and then automatically save it in a command 
I-Ile format. This text file can then be used directly in the GA, with modifications made 
ynanually if necessary. 
-Ibe method described here exploits these command files and the ability of LUSAS to 
read data directly ftom them. 
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As well as supporting LUSAS programming commands, the command file also includes 
scripting commands, which are used to program the actual control GA and to pass the 
phcnotype variables to a parametric LUSAS model for fitness evaluation. 
General Outline of AGA for Solving- Structural Inverse Problems 
The FEIGA algorithm is run within LUSAS and comprises of two distinct components 
that loop continuously until the algorithm is terminated. The first component is a GA 
routine and the second component is a FE routine. These are separate routines hut both 
, are written in a single script 
file that passes data back and forth between the two 
componenls. 
The FE component deals with the function evaluations, while the GA is 
rcsponsible for creating successive generations of chromosomes for evaluation. The 
intcraction between these two components is illustrated in Figure 5.4-1. 
GA FE 
---------------------------------- 
[BUILD INITIAL RANDOM 
POPULAAýTION 
G ENERATENEW E EE 
p F P po JLA OPULA TION USING --4 
G TI GE ETIJ GENETIC OPERATORS 
-------------- ------------------- 
---------------------------------- 
EVALUATE FITNESS OF 
CHROMOSONlES 
I --------------------- m-m ---------- I 
Figure 5.4-1 Outline of the integrated FE/GA 
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3.4,1 VBScript 
VBScript stands for Mcrosoft Visual Basic Script and is a scripting language that can be 
used to communicate between ActiveXTm compliant applications. ActiveX is a 
Nficrosoft Windows protocol that allows data to be passed between compliant 
applications. As an Activex compliant application, LUSAS allows the user to access its 
databases and to manipulate or extract model data. This alternative method of utilising 
finite element packages counters two primary criticisms that can be levelled at the 
conventional use of finite element packages. Firstly that they are labour intensive and 
incflFlcicnt for routine and repetitive evaluations. Secondly that the user has little control 
over how the output data is presented and manipulated beyond the use of limited 
slandard methods. 
VBScript is a pared down version of the full version of 'Microsoft Visual Basic for 
Applications'. The syntax of the two languages is slightly different but VBScript 
maintains most of the functionality of Visual Basic. LUSAS also supports scripts written 
in JScriPt 
VBSCript is a relatively straightforward programming language and is well suited to 
uTiting simple code. GA's only require relatively 
basic routines, involving random 
nurnbcr generation, array manipulation and the ability to read and write output to or 
frorn other applications. In this respect, VBScript has sufficient functionality for writing 
GAs. The real skill in implementing the method is presented by the challenge of setting 
up the model and modifying it parametrically to represent different damage 
c, onfigurations. 
and File/ScnDt 
-Ibe GA is written and edited within a text file (Windows Notepad of similar) and is 
saved with a. vbs file extension. This 
is launched as a VBScript command file within 
LUSAS. 
-Me application recognises command files in the following format: 
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$ENGINE=VBSCRIPT 
(script body) 
(procedures and functions) 
TIhc very first line of the code must be, '$ENGINE=VBSCRIPT' in Order to identify the 
scTipting language that is used. Alternatively, if the script were written in JScript, the 
first line would be, '$ENGINE=JSCREPT'. 
The script body contains the main sub-routines that control the GA, while the procedures 
and functions represent oft-repeated standard routines that are called from more than one 
of the sub-routines in the script body. 
An example of a script used for the algorithm described in Chapter 7 is included 
in the appendix for reference. The scripts contain both VBScript commands, which 
control the GA, and the LUSAS commands, which control the building of the finite 
clement model. The later commands can be recognised by the following nomenclature; 
processCommand where the text within the quotation marks is the standard 
command code for a LUSAS operation. Parametric control of the model is incorporated 
by including variables within the command rather than a fixed value. Parametric 
-. -ariables are indicated by the use of the & character. 
-Ibe following line of text is identified as a LUSAS command, and instructs the modeller 
to, assign the material property dataset, IGNT=3 to surface 2. 
processCommand ("ASSIGN GEOMETRY SURFACE SN=2 IGAfP-3) 
Alternatively, the following two lines of text achieve the same end result, but assign the 
material property dataset to a surface identified as a pammetric variable, (surface) rather 
than a fixed value - this variable having previously been defined in the first line. In this 
, O-ay, the LUSAS commands can be made more flexible and allow them to be integrated 
, %ith the variables described in the script 
Sur , 
face =2 
processCommand("ASSIGNGEOAýETRYSURFACESN="& surface& "IGMP-3'9 
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5.4.3 Implementation 
The algorithm is launched by clicking the 'open command file' button, (Figure 5.3-1). 
-nw analyst is then prompted to select the file location of the GA script, (Figure 5.4-2). 
Next, a popup window requests the user to input the GA control parameters, (Figure 
5.4-3). This information can include the size of the population, the number of iterations, 
wW the probabilities of genetic operations such as crossover and mutation. The 
alg0rithm runs in the background for a specified number of generations or until another 
predeter7nined termination criterion is met. On termination of the algorithm the analyst 
opem a results text file, which has been automatically generated, to examine the full 
history of the algorithm. This data can then be exported to a spreadsheet or other 
sppliCation for further analysis. 
Figure 5.4-2 Selection of GA script file 
IFigure 5.4-3 User input of GA control parameters (screen image taken from a GA 
u3ed to detect longitudinal cracks in a box-section composite Beam - Chapter 6) 
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5-. 4, 
-4 -Outl2ut 
Data File 
11ic amount of data that can be generated in a typical genetic algorithm run can be large 
and needs to be carefully managed. The specific output data to be included in the rcsults 
filc depends on the specific problem at hand. However, the minimum information that is 
nccded to ensure accurate recording and data interpretation include: the date and time of 
the analysis; the GA control parameters such as population size and genetic operator 
probabilities; the individuals in each population in genotype and phenotype space; the 
corresponding fitness values; average fitness values for each generation and the fittest 
individual in each generation. It is also advantageous, when comparing the performance 
, of different algorithms, to return the overall runtime and the number of unique 
chromosomes evaluated. 
The following is a truncated and edited example of an output file that is obtained from 
the crack detection GA described in chapter 6. 
3 POINT BEND BWf REWLS 
GESE77CALGORITMiRESVUS HLE 2410510116: 21: 00 
INPUTPAJWIETERS 
popsize - 10 
popLengLh-21 
iterations -2 
probC-0.7 
probAl-0.03 
ORIGINAL POPUM 770M (Genotype space) 
200100111100010110110 
201001110010001011100 
310110101000100101011 
100000111011110010110 
41M1010100100111001 
310101111010010000010 
301010111001101111011 
301001100110111011000 
201100110011111000111 
200100001111010011011 
ORIGINAL POPUM 77ON (Phenoope space) 
surface - 2, position - 6, length - S. Fitness - 0.161246796614566 
suifice - 2. position - 10. length - 3. Fitness -L 79300082996043E-04 
surface - 3, position - 21, length - 8, Fitness - 0.294015399221163 
sudke - 1. position - 2, length - 23. Fitness - 57569.5219746446 
surface - 4. position - 17, length - 8. Fitness - 9.18832961998887 
surface - 3, position - 21, kngth - 4. Fitness - 0.110729340288234 
surface - 3, position - 11. length - 22. Fitness - 278765.68814214 
surface - 3. position - 10. length - 1Z Fitness - 495.344792565902 
surface -Z position - 13. length - 24, Fitness - 278765.68314214 
surface - Zparition - 5. length - 17. Fitness - 569252185400851 
A ýWGE F177VESS - 62129-8519405955 
BESTIND117DUAL - 201001110010001011100 
F7TAWSS - 1.79300082996043E-04 
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GLVERA TIONAL RESULTS ITERATION -I 
INDI; 7DUALS & HTNESS (Genoope space) 
201001110010001011100 L7930008299604JE-04 
4100010101001001110019.18832961998887 
211100110011111000111278765.68814214 
201101110011111000111278765.68814214 
201100110010001011100 4.7765226780006E-04 
301001100110111011000 495.344792565902 
200100111100010110110 0.161246796614566 
301001000110110110110 220.024270762277 
200100111100011011010 1.03545156555357 
2000000011010100010111010.20458506246 
IATW 7DUALS & HTNEM (Phenot)pe space) 
surface - 2, position - 10. length - 3. Fitness - 1.7930008299604JE-04 
sudke - 4, position - 17, length - 8. Fitness - 9.18832961998887 
surface - 2. position - 27, IMds - 2ARtness - 27876S. 68814214 
surface - 2, position - 14, length - 24, Fitness - 278765.68814214 
surface - 2. position - 13, length - 3. Fitness - 4.7765226780006E-04 
sudýxve - J. position - 10. length - 12, Fitness - 495.344792565902 
sudýzce - 2, position - 6. length - 5. Fitness - 0.161246796614566 
surface - 3, position - 9. length - 11, Fitness - 220.024270762277 
surface - 2, position - 6, length - 6, Rtness - L03545156555357 
surface - 2. position - 2, length - 16, Fitness - 1010.20458506246 
AIEMGEF17WESS - 55926-7335617605 
BESTINDIP7DUAL - 201001110010001011100 
F77YESS - 1.79300082996043E-04 
...................... (Sme 
Data Repeatedfor all generations) 
Number of Unique Solutions - 12 
Ihe algondyn has terminated 
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Discussion 
A gcncric tool for implementing GAs within a FE environment for solving structural 
in%-crse problems (and design optimisation problems) has been presented. The system 
harnesses the power of gcnctic algorithms with the flexibility and versatility of a 
commercial finite element package. The main advantage associated with the proposed 
jncthod is that the full functionality of the finite element package is exploited and does 
not require the analyst to write lengthy, problem specific code for each different 
problem. In this respect the method can be taken beyond the realms of specialist 
programmers and onto the desks of practising engineers who may not have extensive 
programming skills or in-depth knowledge of preparing their own Finite Element 
programs. By writing the scripts in VBScript, the level of programming knowledge is 
ILcpt to a minimum. The elements of the script that refer to control of the FE model can 
cvcn be generated automatically, by building the model using the familiar GUI and then 
sa-wring the model as a command file. This list of commands can then be modiried by 
hand as necessary and 'cut-and-pasted' into the overall GA script. 
-Ibe method described here can be applied to structural inverse problems, however it can 
-dSO be used to write optimisation algorithms, or even enumeratively search a range of 
I-ariations on a design proposal. 
r%... pitc being a very efficient means of searching very large solution spaces for global A. w%w-F 
optima, the computational effort on 
behalf of the PC involved in a genetic algorithm of 
t1lis t)W can be large. When using this tool, the computational effort involved in running 
the GA is negligible with respect to the effort required to build and solve the finite 
clement model. There 
is no doubt that, solving the problem in this manner using a 
c, on, mcrcial finite element method 
is less efficient than if the FE code were written and 
Optimiscd specifically for a given 
GA application. This is due to the additional computer 
resources required to run the application and 
its associated processes in the background. 
Hov. -ever, this disadvantage can be offset against the flexibility, timesaving and 
improved confidence of using a proven finite element library to build the analysis. 
, 7be overall computational effort required to solve GA's depends on the size of the 
population, the number of generations, and the size of the stiffness matrix to be solved. 
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By far the greatest computational time is occupied by performing the finite element 
c%-aluation and not in running the GA component Despite being a very efficient tool for 
sc=hing large solution spaces, the FE/GA tool still requires a large number of forward 
FE solutions to be perfon-ned. This is an acknowledged criticism of the method. In 
dcfcncc of the method, there are two arguments, as to why research in this area is valid 
and necessary. Firstly, computing power in the near future can be expected to follow 
, %joorc's law'. Secondly, since GAs exhibit an inherent parallelism, they are well suited 
to bcing solved more quickly using developments in the field of parallel processing. 
In conclusion, the described method transforms the well established finite element 
tcchnology from a passive, labour-intcnsive analysis tool into a flexible and active tool 
capable of finding optimal solutions to a range of problems in the design ficid or in 
pathological investigations into the state of engineering structures. 
I The observation, made in 1965 by Intel co-founder Gordon Moore while 
preparing a speech, that each new memory 
integrated circuit contained roughly twice as 
rnuch capacity as its predecessor, and each chip was released within 
18-24 months of the 
previous chip. If this trend continued, 
he reasoned, computing power would rise 
exponentially with time. 
Moore's observation still holds in 1997 and is the basis for many performance 
forecasts. In 24 years the number of transistors on processor chips has increased by a 
factor of almost 2400, from 2300 on the Intel 4004 in 1971 to 5.5 million on the Pentium 
pro in 1995 (doubling roughly every two years). 
Sourcc: http: //foldoc. doc. ic. ac. uk/foldoc/index. htrnl 
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CHAPTER 6: 
A GENETIC ALGORITHM TO IDENTIFY 
LONGITUDINAL CRACKS IN A 
GFRP BOX-SECTION BEAM 
6.1 Introduction 
PULTRUDED 
-Ibc use of glass fibre-reinforced plastic, (GFRP) pultrudcd box sections is becoming 
, %idespread in a range of applications due to their lightweight properties and excellent 
corrosion resistance. Unfortunately, they can be vulnerable to damage from quasi-static 
crushing or some high velocity impact event. Research by Sherratt, el d (2000) has 
sho%%. n that this type of event can result in critical damage that manifests itself primarily 
oa pair of equal length longitudinal cracks running along the comers of the box section. 
Th, cy have demonstrated that these longitudinal cracks reduce the effective bending 
modulus of the box-section, or beam, when subjected to a series of static three-point 
bcnd tests. The work described here demonstrates how a series of response data from 
g=sC static three point bend tests can be used with the integrated FEIGA tool to fully 
PM&Ct the size and location of parallel longitudinal cracks. The inverse method 
dcscribed here offers the advantage that damage may be detected from a series of static 
rcsponý, ,C data and automatically quantifies the cffect of the damage in the form of a 
IrInitc element model. This can subsequently be used to predict the residual properties of 
the damaged beam under in-situ loading conditions. 
The method is implemented using the FE/GA toot described in Chapter 5. The 
first section describes the problem to be addressed, the damage and how it can be 
rcprcscnted within a FE model. Subsequent sections will then discuss the important 
&tails of the GA and present the results of a theoretical investigation using simulated 
experimental data obtained from a FE model. The 
initial results have suggested an 
irnprovement to the algorithm in which a directed, random local search is carried out in 
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the vicinity of the located optimum value to maximise confidence in the result. Finally, 
the algonthm is verified using simulated 'noisy' data. 
6,1-1 Pultruded Box Section Beams 
Examination of the nature of the manufacturing process and the structure of typI 
pultrudcd composite materials helps to understand the damage mechanism and why 
quasi-static or crush damage is propagated in the form of longitudinal cracks In the 
comers of the section.. 
Pultrusion is a continuous manufacturing process capable of producing uniform lengths 
of composite sections. The process, illustrated in Figure 6.1-1, involves pulling 
reinforcing mats and/or fibres through a bath of resin and then a heated die. The resin 
baCh ensures the fibres are well coated with resin before being formed in the heated die, 
which simultaneously consolidates, shapes and cures the cross section. On emerging 
from the heated die, which is typically Im in length, the section can be cut to the 
required length and stacked. 
Surfacing Veil 
I 
Si 
Figure 6.1-1 Continuous pultrusion process Cwww. topglass. it 
-The hydraulic pressures in the die aid consolidation, however, during pultrusion there is 
relatively poor control over the exact placement of fibres and there can be much 
vznation in the overall material properties and wall thicknesses. Consequently, 
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pultruded composites are predominantly used where large volumes of intcn-nediate 
quality structural material are required. Consequently, glass fibrcs, are mainly used, 
rather than the more expensive and structurally superior carbon fibres. 
Where pultrudcd sections are used as beams, as direct replacements for steel or 
aluminium, the principal aim is to maximise the bending strength and stiffness. This is 
achieved by ensuring that the fibres are predominantly aligned in the longitudinal 
direction. Pultrusion is well suited to this sort of fibre placement since the pulling action 
of the process ensures good fibre tension and alignment in the longitudinal direction. 
Examination of a pultruded composite section reveals that the bulk of the 
material comprises of unidirectional fibres, with some +45" and chopped strand mats 
placed on the outside surface. The chopped strand mat produces a resin-rich surface for a 
superior aesthetic finish and improved surface protection. 
6.1.2 Longitudinal Cracks and Beam Geomet 
The cracks to be investigated are twin parallel cracks of approximately equal length 
occurring along the comers of the box section. See Figure 6.1-3. They arise as a result of 
a quasi-static crush or impact event on one of the four faces or surfaces of the section. 
These events have been simulated in the laboratory using a three point bend crush test as 
illustrated in Figure 6.1-2. 
The quasi-static loading exerts a high through-thickness stress component at the 
comers, and since there are no through-thickness fibres to resist this load, cracks occur 
as the material tears apart. The unidirectional nature of the fibres presents an ideal path 
along which the initial cracks can propagate and the lack of fibres in other directions 
means that there are few crack-stoppers to inhibit their growth. 
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Figure 6.1-2 Quasi-static three point bend crush load applied to single face of a 
pultruded GFRP box-section beam 
Figure 6.1-3 Damaged box-section c/w twin parallel longitudinal cracks along 
corners of top face 
As illustrated in Figure 6.1-3 the twin parallel cracks are seen to initiate below the 
impactor and extend symmetrically either side of it. This information represents vital a- 
priori knowledge that is used to reduce the size of the solution space in the described 
optimisation problem. 
The analysis can be applied to any box-section beam geometry, however, in this instance 
the geometry of the box section beam previously used by Sherratt and Nurse, (2000) is 
adopted. The box-section has the following dimensions: 
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Height - 50.5 mm 
Width = 50.5 mm 
Wall thickncss - 3.2 mm 
Length = 600 mm 
The length of the specimen was chosen as the most convenient from a practical 
experimental perspective. Howcvcr, the length of sections that may be pultruded is many 
times greater than this and the analysis contained herein may equally be applied to these 
longer sections. 
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6.2 Finite Element Model of Cracks 
6.2.1 Modelling of Box-Section 
At the heart of the inverse analysis is an appropriate finite element model that accurately 
represents the response of the loaded structure and can be modified to represent different 
crack configurations and damage scenarios. Before selecting an appropriate element to 
adopt it is necessary to consider how the damage will be represented in the model. It has 
been reported by Sherratt, et aL (2000) that damage in a model can be represented in two 
different ways. The first is to consider damage as a region of zero or reduced elastic 
modulus. This method is well suited where the damage (or types of damage) is lumped 
together and the reduced elastic modulus represents the global effect of the local damage 
without specifically defining the form of this damage. The reduced modulus approach is 
best employed in cases in which the damage occurs on the micro scale. The second 
method is to model damage discretely as a geometrical discontinuity. In the finite 
clement model this can take the form of de-equivalenced nodes as illustrated in Figure 
6.2-1. 
(a) 
---------- 
(b) 
Figure 6.2-1 Cracks in FE models by de-equivalencing of mid-side nodes; (a) 
Single de-equivalenced noded crack; (b) Longer de-equivalenced crack 
The damage considered here iswell defined and observation reveals that the longitudinal 
cracks are clearly the predominant form of damage, Figure 6.1-3. Some secondary crush 
damage in the sidewalls of the specimen directly under the impactor can also be 
observed. Relative to the longitudinal cracks however, this local damage is small and for 
simplicity this secondary damage will not be considered in the investigation described 
here. 
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A point of note regarding the de-equivalenced node approach is that once a node in the 
model has become de-equivalenced, the crack must continue to open up since the 
adjacent nodes can no longer transmit a compressive load. If this is not the case then a 
non-linear contact analysis will be necessary. 
The choice of element for the FE model needs to be selected to maximise the accuracy 
while minimising the computational effort. Here the model is described using eight node 
quadrilateral thick shell elements (QTS8 from the LUSAS library). The thick shell 
elements allow the model to be modelled as a structure consisting of four 2D planes. In 
this way, the number of nodes in the model is reduced with respect to a full 3D model. 
The material in the model is described as being single layer orthotropic and 
homogeneous with the zero degree orientation aligned with the longitudinal axis and the 
90-degree orientation aligned in the transverse (or circumferencial) direction. 
6.2.2 
_ 
Representation of the Cracks Within the FE Model and the GA 
The cracks must be incorporated into the FE model and defined parametrically. One 
reason why the GA approach is well suited to integration with FE problems is that both 
methods work in a discretised plane. in the GA the encoded variables to be solved are 
discrete and in the FE model the geometry is discretised into elements. Since the 
problem is formulated in terms of non-continuous variables, it is necessary to determine 
a suitable level of resolution to which the problem needs to be solved. In the scenario 
presented here, the resolution issue is determined by computational limitations. 
The damage in the form of the longitudinal cracks can be resolved to higher 
resolutions than presented here, if more elements are adopted in the FE mesh. However, 
this will require additional computational effort. The method described in this chapter 
solves the problem with sufficient accuracy for the method to be demonstrated and 
evaluated. 
We seek to define the variables that will uniquely describe any crack configuration, 
assuming of course the a-priori knowledge that the cracks take the form of parallel 
longitudinal cracks along both comers of the impacted surface. 
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The representation that is presented here describes the crack In tenns of a suýfiwe, a 
crack start position and a length. These are the variables to be solved by the GA. 
Each surface is numbered between I and 4, with the surface variable therefore 
being a discrete integer. The starting position represents the number of elements from 
the origin that represents the starting point for the crack, while the length of the crack Is 
described in terms of the number of elements whose nodes are de-equivalenced to create 
the crack. In this way any crack configuration can be described by the following vectorl 
(surface, start position, length)"' 
For example the beam in Figure 6.2-2 shows a crack that is described by the vector, 
(1,3,7) 1'. 
Origin 
Elemet 
Surface 4 
Surface 3 
Figure 6.2-2 Finite element model to demonstrate the encoding of a potential 
crack configuration in the GA 
The above representation vAth 30 elements along the length of the beam ensures that 
each crack has a resolution of 20mm. Calculated as the overall beam length divided by 
the number of elements along the length of the beam. 
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As discussed, the phenotype representation of any given crack is given by the vector 
containing values that represent the surface, the start position of the cracks and the 
length. In genotype space the crack is encoded as a 21-allele string, with the first digit 
representing the crack surface, the next 10 binary alleles represent the starting position 
of the crack and the final 10 binary alleles represent the crack length. 
Surface --+ Integer value [1,2,3,4] 
Start Position 10 bit binary representation of the decimal phenotype value 
Length 10 bit binary representation of the decimal phenotype value 
The encoded values for surface, start position and length are then concatenated and 
constrained within the physical limits to form the full genotype representation of the 
chromosome. 
A 10-allele binary representation of the start and length positions is able to represent 
integer values in the range (0 - 1053). Physically the problem is constrained so that the 
start position lies in the range (2-29) and length is in the range (0-25). These have been 
selected to give the widest possible mnge of cracks. Note that allowing the minimum 
length to be 0 permits the algorithm to return solutions in which there is no crack. 
The binary representations of length and start position are scaled down to the prescribed 
range using a simple linear transformation. 
Example: 
Genotype representation: 
Phenotype representation: 
s urfacelpos it ionllength 
3/0100010011/0000101101 
(surface, position, length) 
(3,9,2) 
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6.3 Applied Loads and Structural Response 
Here Nve are concerned vvith the loading conditions for the beam and the useful measured 
output that allows the inverse problem to be solved in terms of a fitness or objective 
function. There are two vectors of response data to be considered. The first is a vector of 
displacement response data obtained from experiment (D,,,, P) and the second is the 
corresponding vector of displacement response data (D.,, d obtained from the evaluation 
of the FE model for a given solution chromosome. 
For each solution chromosome, there are 28 Three Point Bend (TPB) load cases to be 
considered. There are seven basic TPB configurations - one full-span (FS), two half- 
span (HS), and four quarter-span (QS) loads. These are illustrated in Figure 6.3-1. The 
28 load cases are obtained by repeating the seven basic load configurations with the load 
applied to each of the four surfaces of the specimen in turn. 
Since the beam is loaded in a Three Point Bend Instrument (TPBI), it is easy to extract 
the bending stiffness via a load cell in the load head. If the applied load and the 
crosshead displacement are known then the force-displacement curve can be extracted. 
The experimental output to be used in the objective function may be either the gradient 
of the force-displacement curve or a displacement at a given load. In the method 
described here, the input data is expressed as a displacement at a given load. Therefore, 
the experimental response data is expressed as a vector of 28 displacement values, D,,,, 
as shown in Equafion 6.3-1, in which D denotes the crosshead displacement for a given 
applied loadcase. The first part of the subscript indicates the load case and the second 
part, after the underscore _, 
the surface to which the load has been applied. 
D, v = 
[Df: ý_I, DFs 2, 
DM 3, DIS 4v DHsl_l, DHsj-2, Dilsi-3, DHsl-4. Dils2-1, Djjs2-2, Djjs2-3, 
DHsL4, DL)sLi, DQsl_2, DQsl_3, DQsL4, DQs2j, DQs2ý2, DQsL3. DQsL4, DQpj, DQp_2, 
DL, nL3, DL)sýj, DQsý_I, DL%ý_2, DQsý_3, DQSý. _41T 
Equation 6.3-1 
The corresponding response data from the analytical model is given by a similar vector, 
D,,,,,,, Equation 6.3-2. 
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D ..... Idl, S /, 
dl, 'N 
-2, 
dhN 3, dFS 4, dHSI /, dIISI 2, dIIS1 3, dHSl 4o dll, ';, ' 1, 
dIIS2 2, dIIS2 3, 
dIS2 4, 
dc)sl 
_ 1, 
dQSJ 2, dQSI 3, 
dQS2 4, dQS2 1, dQS2 2, 
dQS2 3, d()Sl 4. d(), 1; 3 1, dQS3 2, do-V 3, 
doS3 4, 
(1(). '; 4 /, dOS4 2, 
d()S4 3, 
dQS4 
4T 
Equation 6.3-2 
Where d denotes the displacement of the crosshead in the equivalently loaded analytical 
FE model. 
LOrigin 
Full Span (FS) 
Half Span I (HSI) 
Half Span 2 (HS2) 
Quarter Span I (QSI) 7 
Quarter Span 2 (QS2) 
Quarter Span 3 (QS3) 
IF 
Quarter Span 4 (QS4) I ZT 
Figure 6.3-1 Three point bend load cases evaluated to determine the fitness of 
crack configurations 
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6.4 Formulation of the Objective (Fitness) function 
-rbc objective function represents the difference in performance between the 
expcrimcntal data and the performance of a potential solution (or chromosome). 
*Ibc objective function value for each individual chromosome is determined from 
Equation 6.4-1 as the sum of the square of the differences in crosshead displacement for 
all the load cases. 
28 2 
objeciiveFunction, F=1: (DLc - dLc) 
LC-1 
Equation 6.4-1 
Wberc LC refers to the loadcase (FS, HS etc). 
Although, the individual crack start position and length components of any crack 
C1.1rornosome are constrained to lie within the domain discussed in section 6.2.2, it is 
possible that combinations of the two variables may be infeasible. In the method 
w1opted, there are no analytical or experimental solutions available for chromosomes for 
vjI. ich the following inequality 
is true: 
position + Crack Length > 30 
Equation 6.4-2 
order to enforce this constraint, any infeasible chromosomes are penalised by 
ssiong an artificially high value to the analytical response, d Lc for each loadcase. 
Ibis ensures that infeasible chromosomes are assigned low fitness values and are 
ttwefore prejudiced against 
in subsequent generations. 
A, dopting the above fonnulation ensures that a perfect match between the analytical and 
the CXperimentally obtained data yields an objective function of zero. 
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-fbe algorithm selects parents based on fitness, which is defined as the inverse of the 
objcctivc function. In other words, the lower the value of the objective function the fittcr 
it i& 
6.5 Implementation of the GA. 
onsiderations and Solution Stmtegy 
For the cracks constrained to lie between start positions 2 and 29 with a maximum crack 
I., -ngth of 25 elements long, there are 400 possible crack configurations; on each surface. 
r: %Try chromosome representing a different crack configuration requires the FE model to 
be crcatcd and solved for 28 different load cases. In order to enumeratively determine 
the fitness for each solution would require 28 x 1600 = 44800 solutions of the FE model. 
()n a twin 533 MITz processor PC taking approximately 20 seconds to solve for each 
solution, an enumerative search would require approximately 10 days to solvel If for 
argments sake, the GA requires only 5% of the solution space to be sampled this would 
still take approximately 12 hours for each individual run. In order to test the algorithm 
. Wld generate the required amount of 
data to verify the algorithm, this time is considered 
i1npractical. In order to reduce the time for testing, the problem was solved 
enurneratively to generate the full set of experimental data for each crack configuration. 
, -his allowed a look-up table to be generated from which the GA called the data directly 
rather than solve the large number of FE models that would otherwise be required. It is 
expected that in practice, the tool would use the FE model to solve for the response data, 
31her than use the look-up table. This method was only used to side step the V 
Cvmputational effort involved in setting up the algorithm and to demonstrate its 
'applicability 
to the problem. 
The steps therefore adopted in running the GA were as follows, 
1, F-numeratively solve all crack configurations and determine the objective function 
, value of each. 
2. Create a look-up table for all results 
3. Run the GA using the look up table rather than solving each FE problem at run time. 
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6.5.2 
-- 
A] gorithm Pseudo-Code 
$ENGINE - VBSCRIPT 
Call GADafa 
Call SetTertFile 
Cal I ReadExpData 
Cal I LineNumbers 
Call GeneratePopulation 
For i=I to 100 
Call Evaluation 
Call CountHistoryFile 
Call OutputResults 
Call Sensitivity 
Call GenerateNewPopulation 
Do until population is full 
Call SelectParents 
Call DoParentsCrossover 
Call GenerateOffspring 
Call Assign 
Loop 
Call Mutate 
Next 
End 
Figure 6.5-1 Pseudo-code of the three point bend crack detection GA 
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6.5.3 Docription of Algorithm subroutines 
CAL i )at(, t 
Sub-routine that rcquests the GA control data from the analyst. The data to be input 
includes the size of the population, the length of the genotype strings, the probability of 
the genetic operators such as crossover and mutation occurring, and also the name of the 
file containing the experimental or simulated experimental damage. 
Gencotcs a text output file containing the history of the algorithm for subsequent 
analysis. Ibc information that is output includes; lists of all individual chromosomes 
-, %ithin a genemfion, coffesponding fitness values, average computed fitness values, 
fitteg individuals within each generation, the total number of unique solutions evaluated. 
RE99M29te 
Reads a text f ilc containing the experimental or simulated experimental data. The data in 
the tc., d-file takes the form of a list of crosshead displacements for each of the 28 load 
gMCMLeýý 
p, andomly generates a string of characters. The first bit is an integer between I and 4 
rqxrsenting the surface on which the cracks appear. The remaining characters are a 
binary representation of the crack start position and length. 
naluatio -F - zation 
R, Dutine that cvaluates, the fitness of each chromosome by comparing the experimental 
data and the individual chromosome response data. 
Routine that counts the number of unique individual chromosomes that have been 
C%-aluatecL 
Ow 
output algorithm progress data to the previously dcfined text file. 
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SS kmyý 
Routine that checks if the algorithm has run six consecutive generations without 
improvement in the fittest individual. If this is true then the algorithm pcrforms a 
random local search in the vicinity to see if the solution has prematurely converged to a 
local optima. The search involves randomly sclecting a direction and a step size for both 
the crack position and the crack length. A new individual is created using this 
information and then passed into the subsequent gcneration. 
(jeneraleNewPopulation 
This loop is responsible for the creation of subsequent generations based on the fitncss 
valucs. 
afeciParents 
Randomly selects two individuals ftom the previous population. Selection is biased in 
favour of the fittest solutions by adopting a ranking-based method. 
I)o grentsCrossover 
Detennines with a given probability (0.7) whether the parents will, crossover to produce 
offsprin& 
GenerateO , ýr 
Generates offspring by combining the parents. The tests conducted here use a single 
point crossover with the crossover point randomly selected to occur at any point in the 
chromosome. 
AqM 
offspring are assigned to a temporary array that represents the subsequent generatiorL 
once the array is full and all the genetic operators have been completed, all members of 
the temporary array are assigned to the current population army. 
futate 
Mutation occurs with a fixed probability (0.03) for each bit in the population 
chromosomes. 
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6.6 Test Schedule 
Thrcc different algorithms arc selected for evaluation. 
66,1 The MW Algorithm 
-Ms is the basic algorithm used as a reference point for the subsequent algorithms tested 
hem Once the GA had been fine-tuned to provide what was considered a reasonable 
level of performance, the parameters for testing were; size of population (30), 
probability of mutation (0.03), probability of crossover (0.7), infeasibility penalty (100). 
Ile GA employs an elitist strategy but does not prevent the Creation of multiple 
clones %vithin a given generation. (Because of the binary representation and scaling to an 
integer value between a given range, it is possible for different chromosomes to have the 
Varne phenotype values). This can lead to convergence to an incorrect solution caused by 
a relatively small set of dominant individual schemata causing a lack of genetic 
divcrsitY- 
thm 
Cbscr%-ation of the results for the Mk4 algorithm shows that in some cases the solution 
converged to a local optimum very close to the actual global optimum. 
Because of an 
Obscn-ed lack of genetic 
diversity, it becomes almost impossible for the algorithm to 
jurnp out of this incorrect optimum. Preliminary investigations demonstrated that a 
Sewitility analysis 
based on finite differences in the area of the optimum was unable to 
&-jeffnine the correct search direction. Therefore, a strategy based on a random 
explorative search of the area around the 
local optimum -w-as, implemented. 
After a pre-dcfined number of iterations (six), without improvement the algorithm 
executes the random search algorithm. 
On execution of this routine, it determines a 
rarWom variation on the 
fittest chromosome in the local solution space and assigns it to 
the subsequent generation. This derivative of the 
fittest chromosome is obtained by 
randomly selecting a search 
direction and a step size. Consider that the algorithm has 
, Onvergcd 
to local minimum shown in the illustrative contour plot in Figure 6.6-1. In C 
, Drder to extract 
itself, from the minimum shown in the lower right hand side, the 
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denvative solution can be obtained by randomly selecting one ofthe eight directions and 
stqVing a randomly selected number of units. In this instance, the step size is limited to 
two units, based on (j-priori knowledge of the problem, 
f. 90 
04 
LW 
Z. ý 
Inlituim 
Start Position 
Figure 6.6-1 Illustrative contour plot representing the fitness of crack 
configurations for a given surface location 
663 The Mk8 Algorithm 
This algorithm is based on Mk6 but is run using noisy 'expenmental' data. The noise is 
genemted using a random number generator to perturb each component of the simulated 
experimental data by a maximum of + 
5%. 
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6 6A Bcnchmark Tests 
Each algorithm has been tested against a number of benchmark crack configurations. 
Thesc are listed below in Figure 6.6-2 and have been selected to ensure that the 
algorithm is able to detect cracks of short, intermediate and long lengths at both ends 
and in the middle of the beam. Recall that the crack configurations are dcrined as 
follo%N, s; (surface, startpositior4 length) 
1,2,1 : 2,2,1 : 3,2,1 : 4,2,1 
1,2,8 : 2,2,8 : 3,2,8 : 4,2,8 
1,2,15 2,2,15 : 3,2,15 4,2,15 
1,15,1 2,15,1 : 3,15,1 4,15,1 
1,15,5 2,15*5 : 3,15,5 4,15,5 
1,15,11: 2,15,11: 3,15,11: 4,15,11 
1,27,2 2,27,2 : 3,27,2 4,27,2 
Figure6.6-2 Crack configurations for testing algorithm 
F, ach algorithm has therefore been tested 28 times. 
ror the NM and Mk6 algorithms the Termination of the algorithm occurs once the exact 
crack configuration has been located or at 100 iterations. The results obtained for the 
NCL-4 and MO algorithms (See Figure 6.8-2, later) suggest that 100 iterations are 
excessive for identification of the crack configuration. Consequently, the Mk8 algorithm 
is tenninated after 50 iterations. 
he Results 
-TbC performance of the algorithm is presented in two formats. The first, in tabular form, 
lists the crack configurations tested, and whether or not the crack was successfully 
located within the specified number of iterations. If the crack was located successfully, 
the number of iterations required is reported. Where the correct crack configuration was 
not located, the fittest solution at termination of the algorithm is returned. The overall 
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puforrnance of the algorithm can be judged on the percentage of tests that return the 
coffcct crack configuration and this figure is recorded in the table as &O/oy" 
The second means of assessing the performance of the algorithm is by examining 
th, c convergence histories for each solution. These are presented after the tabular 
surnmary of the algorithm's performance. Examination of these plots indicates how 
quickly the algorithm converges. The iterative history plots show two lines. The lighter, 
Srcy line indicates the average value of the objective function for the population and is 
rcad against the left-hand scale. On the same graph, but read against the right hand scale 
is the black line showing the objective function value of the fittest solution at each 
gcncmtiolL 
6.7 Results 
6.7.1 
. _Mk4 
Results 
The overall statistics for the Iýfi 4 algorithm are shown in Figure 6.7-1, while the 
corresponding iterative histories 
for all the crack configurations are presented in 
Figure 6.7-2 to Figure 6.7-5. 
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Figure6.7-3 MW iterative histories, Crack configurations *, 2,15 & *, 15,1; 
Average objective function (light, LHS), Fittest individual objective function (dark, 
RHS) 
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Figure 6.7-4 MW iterative histories, Crack configurations *, 15,5 & 1; 
Average objective function (light, LHS), Fittest individual objective function (dark, 
RHS) 
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6.7.2 Mk6 Results 
The overall statistics for the NA 6 algorithm are shown in Figure 6.7-6, while the 
corresponding iterative histories for all the crack configurations are presented in Figure 
6.7-7 to Figure 6.7-10. 
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RHS) 
151 
I 
II 
Chapter 6. Inverse Detection of Longitudinal Cracks in a Box-Section Beam 
Figure 6.7-9 Mk6 iterative histories, Crack configurations & 1; 
Average objective function (light, LHS), Fittest individual objective function (dark, 
RHS) 
Chapter 6. Inverse Detection of Longitudinal Cracks in a Box-Section Beam 
Figure 6.7-10 Mk6 iterative histories, Crack configurations *, 27,2; Average 
objective function (light, 
LHS), Fittest individual objective function (dark, RHS) 
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6.7.3 Mk8 Results 
11c overall statistics for the Mk 8 algorithm are shown in 
Figure 6.7-11, while the corresponding iterative histories for all the crack configurations 
arc prcscnted in Figure 6.7-12 to Figure 6.7-15. 
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Figure 6.7-11 Mk8 algorithm performance statistics 
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, 
6.8 Discussion and Anal-vsis 
The headline performance figures for each algorithm is summarised in Table 6.8-1, 
below. 
Is the Correct Is the Crack Is the Crack Is the Crack 
Crack Surface Iength Position 
Configuration Successfully Successfully Successfully 
Fully Determined? Determined? Determined? 
Determined? 
Clean Input 57% 85% 78% 64%- Data, AIM 
Clean Input 86% 93% 100% 86% 
Data AIM 'it N1 
'o y In _ N ý Noisy Input N 'o n )i3y I 50% I 68% 54% I 
- 
72/0 
ta NJ D DAta, Nlkg 
- 
Table 6.8-1 Headline performance figures for individual algorithms 
Initially, the best indicator for evaluating the relative performance of each algorithm is 
the percentage of test runs that return the correct crack configuration. A correct solution 
is defined as exactly returning the crack configuration that was input into the algorithm 
in terms of simulated experimental data. Given that the method is stochastic in nature, it 
is necessary to compare these figures with a baseline performance figure that represents 
the probability of selecting a solution at random from a similar size s=ple. This 
aculation requires an estimation of the total number of unique evaluations that are 
performed in a successful run. 
For the Mk 4 algorithm, the relationship between the number of unique 
chromosomes evaluated and the number of generations is illustrated in Figure 6.8-2. 
This graph reveals that the algorithm either correctly reveals the crack within 
approximately 33 generations or not at all. On average, when successful, the algorithm 
detects the damage after 22 generations. If a trend-line is fitted to this data, the total 
number of unique evaluations for a typical successful run can be found from the 
equation of the trend line, Equation 6.8-1. 
NoUnique = 47.788 Ln (Iters) - 1.5869 
Equation 6.8-1 
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%Vhcrc NoUnique, is the number of unique and feasible solutions calculated for a givcn 
number of iterations, Iters. 
Therefore, a typical successful run, which coffectly identifies the damage aflcr 22 
itcrations, requires approximately 146 unique solutions. Given that there arc a total of 
1600 possible crack configurations, the probability of finding the correct solution within 
146 random solutions, is 0.09 (or 9%). 
0 
-50 
20 40 60 80 100 
No. of Iterations 
0 
Figure 6.8-2 Plot of number of unique evaluations run versus the total number of 
iterations at termination of the algorithm. 
Another aspect of Figure 6.8-2 is the gap in solutions between approximately 30 and 100 
iterations. The implication of this is that the algorithm either correctly identifies the 
solution after approximately 33 iterations or not at all. This phenomenon is explained by 
the fact that after a certain threshold value the population becomes dominated by the 
rnost successful schemata that may lead to a complete loss of genetic diversity in the 
population. once this condition is met, the only possible improvement in the algorithm 
can come through mutation and the algorithm practically becomes an inefficient random 
search method. In other words, the algorithm 
has converged to an incorrect solution or 
local optimum. This phenomenon is well revealed in the iterative history plots, in which 
a steep and rapid improvement in fittest objective 
function value over the early stages of 
the algorithm is followed by slower incremental improvements over the latter stages. 
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A suggestion to improve the performance of the algorithm may be to incorporate 
multiple parallel populations similar to those that have been proposed for multi -objective 
design GA's. Alternatively, once the GA has reached a predetermined number of 
generations, it can be refreshed with the Introduction of new random chromosomes. 
Although 46% of the MM trial runs fail to locate the correct crack configuration after 
100 generations, it may be possible that the incorrect solution Is still qualitatively 
reasonable. In other words, even if the correct solution is not found, the incorrect 
solution may still prove useful if it approximates the damage within a given tolerance. In 
the case of the MW algorithm, 91.6% of trials identified the crack start position and 
length within a tolerance of +2 elements and that of these the correct crack surface was 
identified in 66.7% of the trials. 
Examination of the results also reveals that for a given crack start position and length, 
different trials would often converge to the same incorrect solution. This indicates an 
underlying feature of the fitness surface. On investigation, it can be demonstrated that 
the fitness surface for many of the cracks, tends to reveal a local minimum, near the 
vicinity of the global minimum (as illustrated previously in Figure 6.6-1). The local 
minimum in which the solution can become trapped can be visualised numerically by the 
array In Table 6.8-3, which represents the objective function values in the vicinity of a 
known crack of configuration (1,2,1). The quoted values are for a given surface location 
(1), which allows the results to be presented here as a 2D array rather than a 3D array. 
Examination of the array reveals that a local minimum occurs at start position 4 and 
length 1, whereas the global minimum is known to exist at crack start position 2 and 
length 1. 
Crack Start Position 
cn 
c 
U 
U 
1 21 31 41 5 
1 0 1.34E- I 
ý 1.17 E-06 
2 0.0246 1.28E-05 7.64E-06 7.72E-06 
3 0.076124 8.84E-05 7.16E-05 6.92E-05 
4 0.140415 0.00034 0.000293 0.000429 
51 0,20919 0.000948 0.00108 0.000871 
Table 6.8-3 Fitness values in the vicinity of crack configuration 1,2,1. Quoted 
fitness values represent cracks along the edge of surface 1 
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Any attempt to climb out of this local minimum using a finite difference gradicnt-bascd 
technique will fail. The Mk6 algorithm sought to address this by incorporating a random 
search method and the results are encouraging. 
Compared with the base MW algorithm, the Mk6 algorithm improved the overall 
detection rate for revealing the cracks from 57.14% to 85.71%. Furthermore, those 
solutions, for which the algorithm failed to reveal the exact damage correctly detected 
the surface with a success rate of 50%, and the length of the crack with a success rate of 
100%. The starting position was identified within a tolerance of ±3 elements 100% of 
the time. 
The presence of noise has been investigated though the use of theMk-8 algorithm. 
in all respects Mk8 is as M6 but with the experimental data randomly perturbed within 
limits of ± 5%. The overall effect of this level of noise is to reduce the crack detection 
rate to 50%. Overall, this can still be considered a reasonable probability of exactly 
identifying the cracks. The effect of the noise on the average number of iterations to 
successfully locate the crack is negligible, however, the predominant effect of the noise 
is in some instances to change the location of the minimum fitness value. In other words, 
the fitness value of an incorrect solution may have a lower fitness value than that of the 
actual solution. Consequently, the algorithm tends to this incorrect value. 
The effect of this is more pronounced for those solutions, where the length of the crack 
is shorter. This is demonstrated in Figure 6.84, where the probability of correctly 
locating the crack is plotted against the length of the crack. 
Figure 6.84 Relationship between crack length and the probability of locating the 
crack 
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The conclusion to be drawn from this information is that the applicability of the 
algorithm may have limitations, where the crack is below a certain threshold length. It is 
proposed that the experimental data be subjected to a smoothing algorithm to minimise 
any experimental noise and improve the probability of correctly identifying smaller 
lcngth cracks. 
in general, the issue of noise must be considered if the proposed method is to be adopted 
in a rcal-life application, rather than the theoretical demonstration that is presented here. 
Noise that is present in the experimental results can be random or it can have a 
positive or negative bias. In reality, it can be expected that the experimental data will 
contain elements of both. It has been demonstrated by the Mk8 algorithm that the 
presence of noise may reduce the probability of correctly identifying smaller length 
cracks. However, incorporating a smoothing algorithm may negate this effect. Where, 
the experimental data contains a positive or negative bias, the effect will not be so 
profound since the fitness/objective function is determined by differences between the 
cxperimcntal and analytical models. In this case, the location of the minimum should 
remain the same, although the fitness value may be different 
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6.9 Conclusions 
A method for quantifying pairs of longitudinal cracks in composite box-section beams 
has been presented. The work provides a theoretical background and proposes a method 
of damage detection based on the experimental work of Sherratt and Nurse, (2000), in 
which the effect of cracks caused by quasi-static or crush loading on pultrudcd 
composite box section beams under three point bend tests was described in terms of a 
rcduccd bending modulus. 
Ibis chapter has demonstrated how an integrated FEIGA can be used to solve inverse 
problems of a discrete nature when the cracks are modelled using de-cquivalcnccd 
nodes. The GA searches a solution space that involves a FE model of the composite 
structure with the potential to have de-equivalenccd nodes to model cracks in regions 
likely to fail as determined by 'experience'. The optimised solution is one that has 
stiffnesses that match, in a least-squares sense, those measured from a series of 
unequivocal static three-point-tests applied to the composite box section. Consequently, 
the damage is 'revealed' as cracks by the de-equivalenced nodes in the FE model. The 
size of the local elements in the FE model at the potential site for damage determines the 
resolution to which the crack lengths are detected. 
The algorithm is performed using the geneml FE/GE tool presented in Chapter 5 and 
uses as input data a series of crosshead displacements under 28 different three point 
bend tests. Once the algorithm is complete, the fittest finite element model representing 
the actual damaged beam can be used as a tool for evaluating the residual properties of 
the cracked beam. 
The results indicate that the algorithm can be an efficient tool for locating cracks of 
length 20mm-500mm in composite beams of length 600mm, even in the presence of 
rnoderate noise. Although, the algorithm cannot guarantee finding the exact damage, the 
start of the crack and the length of the cracks can be found to within +2 elements Nvith a 
high degree of probability for the parameters and control variables described here. 
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Because of computational limitations, the described method takes advantage use of a. 
priori knowledge to ensure a solution within reasonable time-constraints. In the firSt 
case, the assumed a-priori knowledge is that the general form of the crack is known. 
This is introduced into the GA and the FE model by constraining the damage to take the 
form of cracks that were paracl, of equal length and in the same location either side of 
an impacted surface. If this were not the case, the problem could still be solved, but the 
magnitude of the solution space and therefore the solution time will increase. The 
second piece of a-priori knowledge, gained through testing of the algorithms, is that the 
solution space contains a particular local minimum that is very close to the global 
minimum. This local optimum can lead to a lack of accuracy in the results unless an 
alternative search method is used in tandem. This knowledge has been exploited by the 
use of a local random search to produce a measurable improvement in the overall 
performance of the algorithm. 
The limitations of the algorithm include the computational effort involved and that the 
success rate for shorter cracks is reduced when there is noise in the experimental data. 
The later issue can be resolved by ensuring that for cracks of a certain length, random 
noise is maintained below a given threshold. Additionally, it is proposed that 
experimental data may be smoothed to minirnýise the cffect of noise. 
The issues of computational inefficiency are central to the adoption of the 
technique in real-life situations. Faster processing power will increase the algorithm run 
times and/or permit problems to be solved to a greater resolution than is presented here. 
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CHAPTER 7: 
A GENETIC ALGORITHM TO DETECT AND 
CHARACTERISE DELAMINATION DAMAGE IN 
FIBRE-MATRIX COMPOSITE PANELS 
7.1 Introduction 
This chapter describes a generalised approach, based on a genetic algorithm, to fuse 
whole-field displacement data with a characteristic FE model to detect delamination(s) 
in composite panels quantitatively in terms of shape, size and depth. The approach uses 
the integrated FFJGA tool described previously to solve this structural inverse problem 
for a composite panel subjected to a vacuum loading. The method exploits the bulging 
phenomenon that occurs on the surface of a specimen when placed in a vacuum 
chamber. The bulging occurs as a result of the pressure differential between the surface 
of the specimen and the internal delamination interface. This phenomenon can be fully 
described in terms of an array out-of-plane displacements that are subsequently used in 
the GA to update the FE model and reveal the damage. 
Clearly, since the state of the structure is deduced from the observed experimental 
rcsponse the approach is classified as an inverse problem and a system identification 
technique is used to solve it: 
-rbe detection of delaminations in composite materials has been successfully 
demonstrated using -whole field displacement-based (fringe) data obtained using one of a 
farnily of coherent light interferometric techniques such as electronic speckle pattern 
interferometry (ESPI) or shearography. These techniques provide the means to measure 
the response of a structure for an inverse analysis with the Practical advantages that they 
are ývhole field, non-contacting and may be performed in-situ. It has been demonstrated 
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that fringe patterns produced by delaminated panels loaded in a vacuum chamber can be 
used to 'visualise' the presence of single defects in well-behaved situations. I lowever. 
this approach does not solve the inverse problem completely since the shape, size and 
&-pth of the delamination needs to be calculated. Furthermore, the inverse problem will 
()nly be solved in a universal sense when whole-field data can be used to formulate an 
accurate mathematical model for any form of delamination damage given multiple 
dclaminations in arbitrary locations. 
The bulging effect discussed above has been successful demonstrated by Huntley, el al. 
(2001). Figure 7.1-1 shows unwrapped and wrapped phase maps obtained using ESPI 
for the out-of-plane displacements observed when a laminated carbon-epoxy panel 
containing a delarnination is loaded under a vacuum. A similar effect has been obtained 
by Richardson, el aL (1998) except the specimen was excited with a vibration while 
Silva Gomez (2000) used ESPI to reveal debonding between coatings and substrates 
using thermal excitation. Clearly therefore, delamination damage can be revealed using 
whole-field optical methods. However, there is nothing in the literature to address the 
problem of quantifying the damage in terms of the shape, location and depth using 
whole-field optical methods. 
]Figure 7.1-1 ESPI Phase maps representing out-of-plane displacements for the 
surface of a delaminated carbon 
fibre panel subjected to vacuum loading; (Left) 
Wrapped data; (Right) Unwrapped data. Images courtesy of Russ Coggrave, 
Loughborough University. 
167 
Chapter 7: Inverse Analysis of a Delamination in a Laminate 
The research described here sets out to provide a theoretical proof of the proposed 
approach. An array of simulated out-of-plane surface displacement data obtained from a 
delaminatcd specimen under vacuum is used to update a finite element model. The data 
uscd represents that which might be obtained using ESPI. The updating of the finite 
clcmcnt model is controlled by a genetic algorithm which is implemented using the 
FEIGA tool. 
A major issue to be addressed involves the potentially large number of internal degrees 
of frcedom in a FE model to solve the inverse problem for a delaminated composite 
panel using a large array of whole-field data. In order to minimise the computational 
, effort to solve for the unknowns vAth desired efficiency an optimised model of a 
delamination in a composite panel under vacuum loading is proposed. The optimiscd 
model consists of parametric variables solved by the genetic algorithm to model the 
delamination geometry in minimalist fornt The focus of this section, therefore, Nvill be 
the process from a refined mesh that captures the detail of the whole-ficid data to that of 
a reduced mesh with the delamination geometry. The efficiency of the algorithm is 
S=tly improved by incorporating a-priori knowledge derived from the full field 
displacement data. This is achieved using an novel genetic operator that is presented 
and discussed. Results based on numerical simulations of composite panels containing 
single delaminations of different forms are presented to assess the future potential of the 
genetic algorithm. 
After posing the problem and presenting details of the FE/GA implementation, a 
number of results obtained from the test schedule, using simulated experimental data, 
%ill be presented. 
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7.2 Prohlem Derinition 
When loaded in a vacuum chamber, the surface of a laminated composite containing 
single or multiple delarninations will tend to bulge. This bulging is caused by a pressure 
differcritial between the external surface that is subject to the vacuum and the 
delamination surface. The pressure at the delamination surface may be cithcr the 
prmure at which the component was manufactured or at atmosphcric prcssurc. In most 
cases the delamination surface is expected to be at atmospheric pressure. due to porosity 
in composite laminates that allows air to slowly ingress inside the dclamination. A thrcc 
dimensional representation of the top bulging surface is illustmted in Figure 7.2-1(a). 
The approach described here can be applied to delarninations in any specimen geometry 
but for demonstration purposes the following specimen configurations have been chosen 
Wbitrarily to represent typical laminated carbon-fibre composite lay-ups and 
delamination dimensions. 
-1be specimen comprises of a six ply [0/90/01, carbon fibre laminate. The geometry is 
assumed to be loomm x 100mm with a thickness of 1.5mm. The panel is clamped rigid 
around each straight edge and subjected to a simulated vacuum pressure. Since the 
laminate has six plies, delaminations can occur in one of five different locations, 
(0.25min. 0-5mm. 0.75mm, 1.00mm and 1.25mm below the top surface). It is assumed 
that the delamination will be circular in shape with a diameter of 50mm. For 
demonstration purposes three different delaminations in the field of view will be 
considered and these are illustrated 
in Figure 7.2-1. 
3roMrties 
-[be following ortbotropic material properties are used in the FE model as being typical 
of unidirectional Carbon-Fibre/Epoxy composite 
laminae. 
Z, 130 GN/mid2 
Ey 9 GN/mni72 
Gxy 4.4 GN/mrd2 
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G, 4.4 GN/MM- 
UX" 0.3156 
0 0 0 
(b) (c) (d) 
]Figure 7.2-1 Location of delamination in plate - (a) 16xI6 array of-out-of plane 
input data, extracted from 256x256 array; (b), (c) & (d) Delaminations at 3 
different locations. 
170 
Chapter 7: Inverse Analysis of a Delamination in a Laminate 
7.3 Solution Strate 
7.3.1 Rcpresentation of damage in the anaWical model 
l3cforc discussing the proposed details of the solution it is bcncricial to present methods 
of rcprcscnting the delamination. in the analytical model. In other words, which variables 
nc, cd to be defined to uniquely describe a delarnination. 
If the dclamination were considered to be circular in shape, the dclamination area could 
be dcfincd in terms of three variables - the depth of the delamination, the radius of the 
circle and the location of the centre of the circle. Howevcr, this method prcscnts two 
potential problems. 1) it is necessary to know a-priori that the generic shape of the 
delamination is circular. 2) it is likely to require an irregular mesh that is different for 
each altcmative configuration. 
An alternative, simpler, method that is adopted in the approach here, is to mesh the 
geometry of the specimen with a regular Od and define the delamination footprint in 
tc= of pixels. This method presents many advantages. 1) the generic shape of the 
delamination does not need to be known a-priori. 2) any number of potential 
delamination shapes can be represented. 3) the mesh remains the same regardless of 
dclamination configuration.. Figure 7.3-1 shows how the circular delaminations 
illustrated in Figure 7.2-1 can be represented as bitmap images. 
(a) (b) 
. 
(c) 
]Figure 7.3-1 16 x 16 Bitmap representations of circular delaminations illustrated 
in Figure 7.2-1 
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7.3.2 Finitc Element Model and Simulated ExpSrimcntal Data 
A FE mesh comprising of layers of solid composite elements representing each group of 
plics above and below the delamination is one potential method for constructing an 
anal)lical model. However, the geometry of the specimen does not lend itself wcll to the 
solid element approach. The through-thickness dimension of a laminate is small relative 
to the overall in plane dimensions and this requires a high number of elements if 
rccommended element aspect ratios are to be maintained for accuracy. Given the large 
number of internal degrees of freedom associated with solid elements, the use of solid 
elements is considered infeasible, ftom a computational perspective, for this application. 
An alternative and new strategy is proposed here. This method assumes that a FE model 
of a single delamination under a vacuum loading can be constructed using a single layer 
of composite shell elements, (LUSAS QTS8 elements). The entire area of the panel is 
discrctiscd into a number of surfaces (or pixel) with each containing the appropriate 
composite lay-up information in their defined properties. Previous researchers have used 
multiple shell elements to model delarninations, but by virtue of the loading condition it 
has been possible model the delarnination using only a single layer. 
output data in the form, of nodal out-of-plane displacements is considered as the 
CXperimental response data for formulation of the objective function. If the structural 
response data were obtained by ESPI it could take the form of typically a 256 x 256 
. uTay of surface displacements. To simulate the experimental data uscd with our 
analytical model a finite element model mesh of 256 x 256 elements would be required 
to represent the pixelated output - assuming the displacements were averaged over the 
region of each element and/or pixel. A fundamental problem of this inverse approach is 
that it would be extremely computationally exhaustive to simulate each alternative 
solution using the FE method. Furthermore, 
in practice noise is a common feature of 
ESpl data that degrades the quality of the information provided. In a review article of 
fringe analysis in experimental mechanics, Huntley (1998) reports on the difficulties 
associated with extracting useful 
information from noisy data and makes a comparison 
"ith the Heisenberg uncertainty principle 
in quantum mechanics. If noisy data were 
input straight into the proposed GA algorithm for delamination identification, the results 
themselves would be subject to random errors and a degree of uncertainty. Howcver, 
some form of averaging across a sub-region of pixels can 
be used to smooth the cffccts 
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of noise. One would be far more certain of the accuracy of the dclamination 
idcritification for an array of reduced resolution if smoothed data was input into the GA. 
In other words, there is trade-off between resolution and accuracy involving the ESPI 
data. Consequently, for reasons of the need to smooth noisy data and for the overall 
complexity of the inverse analysis, a simplified representation of the dclaminatcd plate 
-. %ith the FE method in terms of resolution is required. 
In order to reduce the size of the problem to be solved a reduced number of clcmcnts 
than the 256 x 256 mesh is adopted for the FE solution model. A FE model comprising 
16 x 16 elements is chosen as being the best compromise between being able to resolve 
individual (circular) flaws in the size of specimen selected and reducing the complexity 
of the GA involved. It will be assumed that the ESPI data will be smoothed over sub- 
rcgions of 16 x 16 pixels to improve its accuracy. Therefore, the original 256 x 256 
array is reduced in terms of resolution to a 16 x 16 array, that according to Huntley 
(1998) will have an accuracy almost equivalent to that obtainable by strain gauges. 
Engineers would rather resolve a 'crudely' shaped flaw very accurately rather than have 
results for delarnination flaws of high resolution but with high levels of uncertainty 
associatcd, %vith them. 
An approach to reduce the complexity of the problem to resolve the dclamination in 
terms of depth is also adopted. Consider one of the 16 x 16 meshes shown in Figure 
7.2-1. Any shape of delan-dnation or combination of dclaminations in a single ply can be 
represented by assigning each element in the mesh to one of two states - dclaminatCd or 
not delaminated. In other words, using a reduced thick shell model each node in the 
rncsh must have boundary conditions that are prescribed 
in terms of a force or a 
displacement Those nodes corresponding to delamination elements will experience an 
internal force due to the vacuum; outside the delamination area, the nodes will 
experience displacements. These 
displacements may be equal to the displacements taken 
from the full field experimental data, in which case bowing or other deformation of the 
specimen can be accommodated. 
In this particular case, the nodal displacements on the 
interface: plane beyond the delamination zone have been observed to be negligible in all 
directions with respect to the recorded out of plane displacements within the 
delamination zone. If this assumption is accepted, all nodes beyond the delamination can 
be fully restrained and only the upper surface above the delamination plane needs to be 
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modclIcd. With respect to a full 3D analysis this reduced dclamination model is 
illustrated, in terms of a cross-scctional view through a delamination undcr vacuum 
loading, in Figure 7.3-2. Applied loads are indicated with arrows and fully restrained 
nodes are indicated with a cross. 
Vacuum 
Vacuum 
(b) 
Figure7.3-2 (a) Section through solid FE model under vacuum loading; (b) 
Section through equivalent reduced thick shell model 
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7.3,3 Algorithm PseudoCode 
The algorithm is run using the FE/GA tool described previously. The pscudo-codc 
outline of the GA is listed in 
Figurc 
SENGINE - VBSCRIPT 
Call SetTextFile 
Call CreatePopulation 
Call CreateBaseModel 
For i= I to 400 
Call Evaluation 
Call Lusas 
Call SampleExperimentalData 
Call CreafeHoldingArray 
Call OutputResults 
Call GenerateNewPopulation 
Do until population is full 
Call SelectParents 
Call DoParentsCrossover 
Call GenerateOffspring 
Call Assign 
Loop 
Call Mutate 
Call Substitute 
Ncxt 
End 
Figure 7.3-3 Pseudo-Code of the delamination GA 
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7.3.4 Description of Algorithm subroutine 
C SetTextFile S 
Generates a text output file containing history of the algorithm for analysis. The 
information output includes lists of all individual chromosomes %vithin a generation, 
evaluated fitness values, average fitness values, fittest individuals '%vithin cach 
generation, the total number of unique solutions evaluated and a visual rcprcscntation of 
the J"Ittcst delamination within each generation. 
yZidation CreatePo 
Randomly generates a string of 257 characters. The first bit is an integer between I&5 
representing the depth of the delamination. The remaining 256 characters arc a binary 
rcprcscntation of the dclamination footprint. 
CrealeBaveModel 
Builds the base finite element model upon which all subsequent chromosome 
cv-aluations will be based. Defines the geometry and the mesh, as well as all loading, 
support and material datasets. 
F. valuation Z-Am-ýý 
Routine that evaluates the fitness of each chromosome by comparing the cxperimcntal 
data and the individual chromosome response data. 
For each chromosome that does not have a fitness value previously assigned to it the 
basic LUSAS Model is updated to represent the data described in the chromosome. 
l3oundary conditions and material properties arc assigned to the geometry. The stiffness 
Inatrix is solved and the required output data is extracted. In this case, the required 
output data is an array of 256 out-of-plane nodal displacements. The nodal 
displacements arc taken at the centre point of each surface/pixel in the FE model. 
V21 j_M imentaID &m IeE-ir, ri Oata 
The simulated experimental data corresponding to the FE output data is read into the 
algorithm. 
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CreateHoldingAmn 
Records all the unique solutions and their fitness values. This ensures that if a solution is 
repeated in a subsequent generation, the fitness is already kno%Nm and does not rcquirc 
the time-consuming FE analysis to be repeated. 
Ou! putResults 
Output algorithm progress data to the Previously defined text file. 
GenerarelVewPoUzzilation 
At the heart of the GA this loop is responsible for the creation of subsequent generations 
based on the fitness values. 
SeleciParen 
Randomly selects two individuals from the previous population. Selection is biased in 
favour of the fittest solutions by adopting the 'roulette-wheel' method. 
)a rrentsCrossover I 
Damnines with a given probability (0.7) whether the parents Will crossover to produce 
offspring. 
. pring Generategffs 
Gencrates offspring by combining the parents. The method adopted uses a single point 
crossover with the crossover point randomly selected to occur at any point in the 
chromosome. 
&s ýin 
offspring are assigned to a temporary array that represents the subsequent generation. 
Once the array is full and all the genetic operators have been completed, all members of 
the temporary array arc assigned to the current population array. 
A&ate 
mutation is constrained to occur in an 8x8 bit region centered around the point of the 
Inuirnum, experimentally observed out-of-plane displacement. 
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11ý , phstitute 
Implcmcnts a new genetic operator referred to as the substitution operator, which 
incorporates problem-specific a-priori knowledge. This is described in later sections. 
7.4 Description of GA to Solve Inverse Delamination Detection 
The essential elements of the GA that will be addressed here arc the genotype 
reprcscntation of individuals, the solution strategy for solving the fonvard problem and 
the detcnnination of the fitness or objective function. 
entation of individuals 
Consider the meshes representing known delaminations as shown in Figure 7.3-1. The 
black elements represent the cluster of individual delarninations that define the 
underlying circular delaminatiorL The delamination can be fully represented in 
phenotype space as a depth and a list of clement numbers that correspond to the 
delamination. In genotype space the delarninated elements can be represented by a 256 
long bitstring in which a delamination. corresponds to a '1' and no dclamination is 
represented by a '0'. The 
depth of each solution is simply represented by an integer 
between I and 5 representing the five possible depths of delamination location and 
appended to the bitstring to create the chromosome. 
Therefore, each chromosome of 257 
characters/alleles represents a potential 
delamination configuration, of which there are 
5x2 256 possible permutations (5.8e+77). 
The final 256 bits of each individual may be 'wrapped' to reveal the footprint of 
the damage. In the code the damage is represented in terms of binary code. However, in 
order to visualise the results the chromosomes can 
be converted into a %NTapped t%vo- 
Colour bitmap, in which a 
black pixel corresponds to an underlying dclamination. 
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7.4,2 Fitncss Evaluation 
The fitness of each solution is determined by how well it minimiscs the objective 
function rcprcscnfing the difference in performance between the experimental whole- 
ficld data and the FE model. Selecting an appropriate objective function is vital for the 
successful implementation of the algorithm. The approach adopted here can be 
considered an output-crror approach, since the difference in nodal out-of-planc 
displacements is used. The data to be considered comprises of two vectors of 
displacement values, (Equation 7.4-1). 
d= [Z,,. _2.... _256 ,pf 
d. 
.= 
[Zip Z2... Z2,, Ir 
Equation 7.4-1 
Where, dV is an array of experimentally determined data comprising of 256 out of plane 
displacement components, z and where d,,,,, represents the corresponding array of 256 
displacements, Z obtained from the analytical FE model. Each displacement component 
represents the value obtained at the centre of each pixel. To prove the technique the 16 x, 
16 array of simulated experimental data is extracted from a finer 2S6 x 2S6 element FE 
Inodel that simulates experimental ESPI data. 
in the simplest case, the difference in peak, displacement between the two models could 
be considered as an objective function. However, this can lead to a non-unique Solution. 
Ensuring a unique solution can be achieved by using a-priori knowledge about the shape 
of the displacement field associated with a delamination. This information is readily 
available from d,,,. The method adopted here uses this infon-nation to formulate a 
number of simple inequality rules. These inequality rules define the approximate shape 
of the out-of-plane displacement field at different sections through the delamination. 
Those solutions that more closely resemble the actual deformation are assigned a higher 
fitness value. This ensures uniqueness of the solution and helps direct the GA towards 
profitable areas of the solution space. 
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Figure 7.4-1 illustrates the deformation pattern at an arbitrary cross-scction through the 
laminatc. The shape of the deformation at this section can be rcprcscntcd by dcrining the 
rclativc displacement of each point in terms of a set of inequality rules. 
Zi < -2 9- Z2 
<-3 p* -3<-4' 24 
<-5... 
... ... ... ... ... ... 
Equation 7.4-2 
As more sections are considered, more inequality rules arc added and the approximate 
shape of the whole displacement field can be completely samplccL 
1345 
. 0. ý4x %0 
Figure 7.4-1 Representation of displaced nodes for fitness function evaluation 
This information is incorporated into the fitness or objective function for a given 
solution by appending a penalty value, P1 for each one of the displacement constraints 
,, ýriolated. In this manner, analytical solutions that best match the overall shape of the 
experimental data are favoured in the GA. This allows the GA to search the solution 
space for the 'footprint' of the delamination. Since we also seek the depth of the 
dclalninafion, this is incorporated by adding a term that represents the diffcrcnce 
bcrwcen the peak analytical and experimental displacement values,; , p, A and 
An additional piece of a-priori knowledge about the problem that is readily available 
from the array of measured experimental displacement data is that, beyond the 
delamination area, the out-of-plane displacements will be either zero or small relative to 
those observed above the delamination zone. This allows the approximate shape of the 
deformed surface to be further described by introducing an additional penalty term, 1w, 
for each sampled point in the FE model, beyond the delamination zone, that has a 
displacement above zero or a given tolerance value. Inclusion of this penalty term helps 
to rcduce the possibility of finding erroneous additional delaminations beyond the actual 
delarnination boundary. 
180 
Chapter 7: Inverse Analysis of a Delamination in a Laminate 
The formulation of the objective function is described in Equation 6.4-3. 
Objective Function - (Z - -p,. k) + EY ,,,,, k 
Equation 7.4-3 
The choice of penalty value for each inequality rule broken requires the use of 
cnginceringjudgemcnt and some trial and error. The following penalty values have been 
found to work well and have been adopted for the results presented later. 
penalty value for violation of each inequality constraint 4 
pmalty value for violation of a zero-tolcrance constraint I 
7A Genetic Opgrators 
Tbc GA operates on an elitist, single point crossover strategy with a population size of 
25. Probabilities of crossover and mutation are set to 0.7 and 0.02 respectively. 
it is well known that a plot of best individual fitness versus generation shows two 
distinct phases. The first is a rapid improvement in fitness due to location of the 
profitable search locations and 
is dominated by the crossover mechanism. The second is 
a region of slower convergence where the global optimum 
has been located and the 
region around it is explored using the random mutation. 
In practice, GA's need to 
optimisc the first region and ensure convergence as quickly as possible if they are to be 
readily adapted. This 
has been achieved in this case by exploiting additional a-priori 
knowledge available from the experimental data to develop a new genetic operator. 
Observation of the whole-field displacement fringes shows that a certain percentage of 
the specimen does not contain delaminations. The experimentalist using ESPI will be 
able to 'hone-in' on the region of 
interest, i. e. locate the delamination as revealed by the 
fringe pattern and ccntre it within the field of view. In terms of the GA this may be used 
as a-priori information 
for the development of a more efficient algorithm. 
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It is known from experience that, using standard crossover ofvrations and mutation 
alone, the GA will locate additional erroneous pixels beyond the delamination boundary 
in addition to the delamination area itself This effect is illustrated in Figure 7.4-2(a). 
After a number of iterations, the algorithm may lose diversity and become resistant to 
improvements. As will be reported later, this has a significant effect on the calculation of' 
the depth location. The efficiency of the algorithm may be improved by incorporating a- 
priori knowledge to improve convergence. In this case, the knowledge I's that a given 
area of the panel does not contain the delamination and that there are no pixel sized 
flaws surrounding it. In other words, it is assumed mathematically that the delamination 
boundary is of a single contour and is not multi ply-connected. 
mN 
-M 000 
(a) (b) (c) 
Figure 7.4-2 Illustration of substitution operator - (a) Full l6xl6 bitmap 
containing erroneous data beyond the delamination zone, (b) Exploded '*'iew of U4 
pixels in top right hand corner prior to 3x3 bit substitution operation in shaded 
area, (c) Explodedview after a 3x3 bit substitution. 
To incorporate the above the GA, we need to direct towards areas of the 
solution space that are more 
likely to contain areas with no erroneous pixels beyond the 
delamination boundary. Here we use a new form of genetic operator that will be termed 
the 'substitution' operator. The substitution operator works on all individuals in the 
population and replaces a single, randomly selected 
3x3 array of bits in the bits string 
with a 3x3 array of O's, as illustrated in Figure 7.4-2. The size of the substitution array 
rweds some engineering 
judgement. If It is too small, the effect will he negligible. If it *s 
too large, it may prove disruptive to the progress of the algorithm. 
Chapter 7: Inverse Analysis of a Delamination in a Laminate 
7.5 Testing of the Algorithm 
Three different delamination configurations are considered for evaluation of the 
algorithm as illustrated in Figure 7.3-1. These delaminations will be denoted as either, 
central, Figure 7.3-1(a), offset-left Figure 7.3-1(b) or offset top-right Figure 7.3-1(c). 
The objective of using three different locations it to verify that the algorithm is capable 
of detecting delaminations regardless of location within the field of view. The central 
delamination, is tested at all five possible depths, while the offset delaminations, are 
only considered at one depth each. For each of these cases, the input data is an array of 
16xI6 out-of-plane surface displacements extracted from a re ined FE mesh of 256 56 f' x2 
elements, Figure 7.2-1(a). This simulates the input of data from ESPI fringe patterns 
corresponding to an array of 256 x 256 but smoothed over sub-regions of 16 x 16 pixels. 
A rcrined FE mesh is used to provide the data as it enables the problem to be analysed as 
a continuum. The actual data is collected however, from an array of 16 x. 16, as it would 
be following the smoothing of the ESPI data. The main purpose of using simulated data 
is that the ability of the GA to identify delaminations, may be verified in situations where 
the results are known. Since the FE simulated data itself will have some (small) 
numerical error involved it is considered that this is a very good representation of the 
real event. 
he Results 
17he results of the tests are presented in the form of an iterative history, in which the 
average value of objective function of the population and the fittest values are plotted 
against generation or iteration. Additionally, the bitmap representation of the fittest 
solution after 400 iterations is presented, as is the located depth. The depth isrecorded as 
a distance below the top surface of the panel, i. e. 0.25,0.5,0.75,1 . 00 or 1.25mm. 
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7,5.2 Convergence and Termination of the Algorithm 
Determining when a genetic algorithm has converged can prove difficult. The reasons 
for this can be illustrated by examining a typical convergence history of one of the 
results that are shown later. The convergence history can be seen to be far from smooth. 
Even if the convergence history were smoothed in some manner, gradients cannot be 
used since, although the history appears to be convex in the global sense there are local 
regions of non-convexity. Furthermore, it is not possible to terminate the algorithm after 
a given number of iterations without improvement since it is possible for many iterations 
to pass before a quantum leap in improvement is subsequently observed. Therefore, 
termination of the algorithm usually takes place after a set number of iterations. The 
choice of iterations for termination requires engineering judgement and experience of 
the problem. During testing of the algorithm, it became clear that most runs converged 
to the solution within 400 iterations and this figure is used to terminate the iterations 
presented here. 
7.6 Analysis-and Results 
Central Delamination -Depth 0.25mm 
initially the results are shown in Figure 7.6-1 for three separate trials using the exact 
same input data obtained for the central delamination at a depth of 0.25mm, i. e. the 
delamination interface lies between the first and second plies. This is to demonstrate that 
Nvhile the algorithm is stochastic, the eventual results are repeatable -within acceptable 
limits. 
it can be seen in Figure 7.6-1(a) that the first trial was terminated after 320 
iterations and this was due to an isolated and undetermined computer problem that 
caused the operating system to crash on this one occassion. At termination, the resulting 
fittest delamination configuration is shown on the left-hand side in Figure 7.6-1 (a). The 
approximate shape and location of the delarnination has been identified, but the located 
depth is incorrect. Figure 7.6-1(b) and Figure 7.6-1(c) both converge to the correct 
solution within 400 iterations and also correctly identify the depth of the delamination. 
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Figure 7.6-2(a), (b), (c) & (d) shows the results repeated for the centrally located 50mm 
diameter circular delamination at every possible depth, 0.5mm, 0.75mm, I. Omm and 
1.25mm. In three of the four cases the correct delamination shape and depth was fully 
determined. Where the depth was not located, Figure 7.6-2 (b) it is seen that the shape 
was not fully defined. 
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(d) 
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]Figure 7.6-2 Results of central delarnination at four different depths; (a) 0.5mm; 
(b) 0.75mm; (c) 1.00mm; (d) 1.25mm 
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Figure 7.6-3(a) and (b) show the results obtained when the delamination is at a depth of' 
0.25mm and offset both to the left of the laminate and in the top right hand comer. Both 
clearly show that the delamination shape is located and well defined. When it is fully 
defined as in Figure 7.6-3(a), the correct depth was successfully determined. 
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]Figure 7.6-3 Results of off-centre delaminations at depth 0.2-5mm; (a) offset left; 
(b) offset top-right 
The depth of the fittest solution at the end of each iteration for a typical run is shown in 
Figure 7.6-4. In this instance, the sought after depth is 0.25mm. This plot converges to 
the correct depth after 215 iterations. After this point, two spikes at 322 and 329 are 
observed. These are caused by occasional improvements in the definition of the 
delarnination shape due to mutation or substitution that occur in solutions with an 
incorrect depth. This leads to a temporary blip in the history but is rapidly corrected. It 
seen that during the early phase of the algorithm, the depth of the fittest solution changes 
often and appears to be random. However, as the algorithm progresses the depth 
stabilises and changes in the depth occur 
less often until, the correct 'footprint' and 
depth are located. After this point, further improvement is impossible. 
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Figure7.6-4 Iterative history of located depth obtained from Figure 7.6-1(b). 
Ile effectiveness of the substitution operator in improving the performance of the 
algorithm can be shown by examining a typical iterative history for the same algorithm 
-Althout a substitution operator, as illustrated in Figure 7.6-5. In this case, the fittest 
solution at each iteration or generation and the average fitness is seen to improve rapidly 
up to 60-70 generations, after which both exhibit premature convergence to an incorrect 
solution. This is attributed to a lack of diversity in the population with one individual 
becoming dominant and the relatively low probability of mutation occurring being 
insufficient to introduce new fitter individuals into the population. 
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Figure 7.6-5 Typical iterative history without substitution operator 
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7.6,1 Computational Effort 
The computations were performed on a twin processor 533MHz Pcntium III pC with 
128Mb RAM and approximately 3GB Hard disk space available. As with many GA's 
the majority of the computational effort is consumed in the fitness evaluation stage. For 
each chromosome to be evaluated, the time to build and evaluate the fitness amountcd to 
25-30 seconds. Solution of all (25 x 400) 10000 chromosomes would require thcrerorc 
between 69.44 and 83.33 hours. Although this would clearly prohibit routine 
inspections of delaminations, this time can be reduced by introducing a number of 
measures. Firstly, some of the chromosomes in each generation are clones of those that 
have already had their fitness values evaluated. Examination of typical solution runs 
show that although there are 10,000 fitness evaluations in the runs demonstrated here, 
only between 7,000 and 8,000 are unique and require the full finite element solution to 
be determined to the solution. The remaining fitness values will have already been 
calculated and stored in an array for instant retrieval. Introducing this in the algorithm 
will result in a solution time of between 48.61 and 66.66 hours 
The second method for reducing the total solution time further can be revealed 
by examining a breakdown of estimated solution times for fitness, function evaluation of 
each chromosome as shown in Table 7.6-6. 
Building of FE model & assignment of Loads 7 seconds 
Building and Assemble Stiffness Matrix 8 seconds 
Solution of equations I second 
Recovering Stresses 6 seconds 
Writing output, plot file & completion 3 seconds 
Total = approx. 25 - 30 scconds 
Table 7.6-6 Breakdown of solution time for delamination detection GA 
f_: Xarnination of Table 7.6-6 shows that approximately one third of the total computation 
time is consumed by the process of extracting the stresses from the nodal displacements 
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and writing the system output to a text file. In this scenario, where %vc arc conccmcd 
only with nodal displacements, the performance of the algorithm would be greatly 
improved if subsequent versions of LUSAS allowed this unnecessary procedure to be 
omitted. 
7.7 Discussion and Conclusions 
It can be demonstrated from the results presented here that the proposed algorithm is 
successful at determining the 'footprint' of the damage in terms of shape and location. it 
can be seen that when the footprint of the damage is fully resolved, the depth is 
additionally found with 100% accuracy. In those situations where the shape is not fully 
developed, the depth cannot be guaranteed to be located. This is attributed to the 
contribution of the depth parameter in the objective function being relatively small 
compared with the contribution due to violation of the inequality constraints. However, 
the similarity of the iterative histories clearly shows that the algorithm has good 
repeatability. 
Observation of the iterative histories shows that the method is repeatable and that even 
in those cases where the depth and delamination, are not fully determined, the method 
gives a good indication of the presence of a flaw and it's approximate size. 
Theoretically, however, the method and its accuracy are only limited by the computing 
resources available. 
Unlike traditional techniques for delamination detection, the method can be used to 
locate and subsequently quantify the residual properties of the component. Furthermore, 
realistic delamination shapes can be represented by increasing the number 0 urf. fs aces 
included in the finite element model. 
Although the algorithm has only been tested against circular delaminations a 
great advantage of the pixelated approach to the description of an underlying delarnation 
is that it can handle delarninations, of any general shape. Furthermore, it is feasible for 
the general method to be used to investigate multiple delaminations at different depths. 
The focus of this work has served as a theoretical basis for a proposed solution to the 
problem. It is expected that this work can now 
be continued using data obtained from 
actual experimentation. For quantification of the effect of the delarnination on the 
190 
Chapter 7: Inverse Analysis of a Delarnination in a Laminate 
residual properties of the panel under in-situ loads, it will be possible to automatically 
generate a more representative FE model using the reduced model as a guide. 
in conclusion, the algorithm presented here demonstrates that genetic algorithms can be 
successfully used to detect delaminations in composite laminates. However, in the 
absence of unlimited computing power, it is necessary to optimise them in order to fully 
exploit their potential. This means implementing appropriate models that represent the 
behaviour of the structure while minimising the number of degrees of freedom. 
Additionally, incorporating a-priori knowledge in the form of the new problcm-spcciric 
substitution operator has been shown to improve the performance of the algorithm 
significantly. 
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CHAPTER 8: 
AN APPLICATION OF THE FE/GA TOOL TO THE 
DESIGN OF AN OPTIMISED CFRP COMPOSITE 
BOX-SECTION BEAM 
8.1 Introduction 
The use of optimisation tools for the design of composite components can bring many 
rewards including minimised weight and material cost as well as maximised structural 
performance. Despite the compelling arguments for optimising composite designs, 
optimisation tools are rarely used in industrial applications. This may be attributed to the 
perception of practising design engineers that the underlying mathematics of gradient- 
based methods is complex, that they arc highly problem dependent and of limited 
practical use when the fitness landscape is multimodal, (many-peak-ed) and non- 
continuous. Genetic algorithms address many of these concerns and it has been shown in 
earlier chapters that they can be integrated within the FEGA tool to solve structural 
optimisation problems without needing to explicitly state the form of the response 
function. This exciting approach to design wfll be demonstrated here and used to solve a 
structural optimisation problem with particular reference to the lay-up of a laminated 
CFRp composite box-section beam. 
The specific problem to be solved using the FE/GA tool draws on the 
experiences gained from the manual design of a composite box-scction beam as 
presented in Chapter 3. A central issue of that design exercise was the correct choice of a 
laminate Jay-up or stacking sequence to minimise boom-tip deflection. The manual 
method that was previously adopted relied heavily on judgement and a large degree of 
, trial-and-error' to find a satisfactory solution to the structural design problem. In 
contrast the method described here applies the principles of the FE method and genetic 
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algorithms to search for an optimal or better solution rather thanjust the first satisfactory 
onc to bc found. 
Here, the FE/GA tool is applied to a laminated box-section beam that is representative of 
the intermediate boom on a telehandler with the aim of finding the laminate lay-up that 
minimises boom-tip deflection subject to given design and strength constraints. The 
objective function to be minimised is formulated as a penalised boom-tip displacement, 
which includes a penalty term for violation of a prescribed strength constraint. 
Additional constraints are enforced by the particular genotype encoding adopted and by 
introducing a repair strategy that eliminates infeasible solutions from the gene-pool and 
replaces them with feasible ones. The method uses a3 digit real encoding system to 
represent the discrete laminate ply orientations in both the flange and-webs. 
The problem is a classical laminated composite optimisation problem. Similar 
laminate optimisation problems have been previously addressed using genetic 
algorithms by, among others, Ball, et aL (1993), Callaghan and Weeks (1992), Gurdal, 
et aL (1994) and Nagendra, et aL (1996). In general, however, previous research on the 
optimisation of laminate stacking sequences is confined to simple geometry panels 
subject to idealised in-plane loads and/or out of plane bending. T'here is less research on 
more complex geometry models, without which it is unlikely that industry will adopt the 
method. it is in this particular area that the current work represents a significant 
contribution to the present body of knowledge. 
The integrated FE/GE tool is well suited to solving the problem, since the GA is 
c, apable of dealing with the multi-modal nature of the solution space and the discrete 
variables, while the FE method is capable of returning useful design data about a loaded 
laminated structure on both a local and global scale. The aim of the design optimisation 
exercise is to demonstrate the applicability of the integrated FE/GA method to an actual 
composite design problem. As such, some simplifications of the geometry, boundary 
conditions and loading of the intermediate box-section boom and have been introduced, 
wWle maintaining the essential real-life characteristics of the problem. In the original 
design, the box-section was subject to combined bending and torsion effects. Here only 
bending will be considered although it is envisioned that response under torsion or 
combined torsion/bending loading as experienced in more realistic representations may 
also be incorporated. 
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Experience from the manual design has shown that the laminate lay-up for the 
flanges and the webs may be slightly different. To rcflect this, the proposed method 
makes it possible to determine the optimum laminate design in terms of both flange and 
vvcb lay-ups. 
The emphasis of the design optimisation problem is markedly different from that of the 
damage detection problems described elsewhere, in which it is necessary that the final 
solution be optimal or near-optimal within a given tolerance. Here, it can be argued that 
any incremental improvement in the design is beneficial and that failure of the algorithm 
to rind the global optimum does not invalidate the method. Therefore, less emphasis is 
placed on optimising the optimisation routine for this specific problem. While being a 
simplification based on the assumptions described herein, the method is well suited to 
future refinement and increasingly realistic representations of the model. 
The optimisation algorithm falls into two distinct components - the finite element model 
of the structure that returns numerical objective function values and the GA component 
that uses these values to create successive populations of increasingly fitter solutions 
The chapter begins by fully defining and describing the physical optimisation 
problem. Itwill then discuss the finite clement model at the heart of the analysis. Next 
the genotype representation of the design variables to describe the laminate is presented. 
-rbis is followed by a discussion on the physical constraints that are imposed. The 
formulation of the objective function to be minimised is then presented and the GA 
solution strategy outlined. In order to investigate the feasibility of the described 
implementation, a number of test runs of the algorithm have been completed and the 
results of these tests are presented and discussed. Finally, the method and simplifications 
adopted will be critically discussed and suggestions for future work and improvements 
as -, vell as their implications -svill be presented. 
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8.2 Definition of Box-Section Beam Design ODtimi-sation Problem 
8.2.1 Problem statement. 
"Given a box-section beam of known geometry, wall thickness and fixed number of 
plies, subject to cantilever-like load conditions, determine the stacking sequence for both 
the flanges and the webs that will minimise the tip deflection of the beam subject to 
contiguity, laminate symmetry and maximum strain constraints. " 
The starting point for the analysis is the known geometry and load conditions. These are 
illustrated in Figure 8.2-1. The configuration and magnitude of the load and the 
boundary conditions are selected to approximate the lifting loads on the previously 
proposed prototype CFRP telehandler boom as if it were a cantilever. Fqually the 
overall box-section dimensions and the wall thickness are selected to approximate the 
final design of the previously proposed intermediate boom. 
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Figure 8.2-1 Geometry and loading of box-section beam for minimum deflection 
lay-up design. Dimensions (mm) 
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8.2.2 Comp2sition of the Beam Walls 
The beam walls are defined as if they were manufactured using prcprcg materials. That 
is-, the walls of the beam are laminates and the thickness of the walls is built up by hand. 
placing successive layers of prepreg material onto a mandrel prior to consolidation using 
a vacuum and curing in an autoclave. This method is typical of the manufacturing route 
that is used for aerospace components. As such, the wall thickness comprises of a fixed 
number of plies of discrete orientation. 
The stacking sequence, or lay-up, of the laminate is simply a list of ply fibre 
orientations that make up the entire thickness of the wall, In theory, the ply orientations 
may vary infinitely between 0* and 90*. In practice however, this renders design and 
manufacture unnecessarily complicated and most composite designs, such as that 
described in chapter 3, specify combinations of only three discrete ply orientations - 
typically 0', +45* and 90'. Each prepreg layer represents a ply in the stacking sequence. 
It is necessary to now define a wall thickness and the number of plies within each 
In order to keep the analysis representative of the telehandler boom design the 
ovcrall, vvall thickness in both flange and web components of the beam has been selected 
as I Omm. In practice, the actual thickness of cured prepreg plies varies depending on the 
material specification and reinforcement type, although a cured thickness of between 
0.25n-an and 0.5min is typical. Using the larger figure and the assumed 10mm Nvall 
thickness, a fixed number of plies per laminate/wall is specified to be 20. Each ply is 
constrained to be of the same thickness. 
and Material Propgrties 
The FE model uses the LUSAS thick shell composite QTS8 element. This is the same 
element that was used in the manual design of a telehandler boom and allows the 3D 
structure to be modelled using only 2D elements. 
Importantly, the QTS8 element allows laminate material properties to be defined 
by building up a stack of orthotropic plies selected from a given material dataset and 
specifying the relative thickness of the ply and angle relative to a 
known datum. 
In the FE model each surface is assigned a reference coordinate set. The local x. 
axis for each box-section face runs along the axial 
length of the beam, the local Y-axis is 
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dcrincd as being in the direction that corresponds with a circumfcrcncial direction 
around the beam and the Z-axis is perpendicular to the surface. The material properties 
arc input at the lamina level and are typical of a unidirectional, high-modulus carbon. 
fibre prcprcg that might be used in the design of the telehandler box-section beam, See 
Table 8.2-2. 
Experience has shown that it is desirable to keep the FE mesh as simple as possible in 
order to minimise the computational effort associated with solving a large number of FE 
models. Therefore, a mesh discretisation has been selected to minimisc the number of 
elements in the model, whilst ensuring reasonable aspect ratios are maintained. The 
mesh complete with loading and support conditions is illustrated in Figure 8.2-3. One 
particular advantage of the proposed method is the ability to examine stress and strain 
constraints at the local level. Clearly, this requires the mesh to be refincd in certain areas 
if the results are to be fully reliable. However, for the purposes of illustration and to 
demonstrate the applicability of the method the relatively coarse mesh adopted here is 
considered adequate. 
Young's Modulus X 130,000 N/mm2 
Young's Modulus Y 9,000 N/mm2 
Shear Modulus XY 4,400 N/mM2 
Shear Modulus YZ 4,400 N/rnrný 
Shear Modulus ZX 4,400 N/mrný 
Poisson's Ratio XY 0.25 
Table 8.2-2 Material properties for high modulus unidirectional carbon-ribre 
laminae 
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Figure 8.2-3 Finite element mesh and applied loading 
A number of design constraints are included in the design optimisation algorithm. These 
include, limiting the number of contiguous plies in a laminate stacking sequence and 
ensuring that all laminates are symmetrical and balanced to avoid warping and 
undesirable deformations under loading. In addition a strength constraint based on a 
maximum equivalent strain at critical locations of 0.2% is introduced. The physical 
meaning of the constraints and how they are incorporated into the algorithm are 
fundamental issues and will be discussed in subsequent sections. 
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8.3 Chromosome Representation of Laminate Stacking Scauencc 
Since the aim of the problem is to find a stacking sequence, which comprises of a list of 
ply orientations for both the box-section flanges and the webs to Minimise the overall 
deflection of the box-section, it is necessary to develop a chromosomal or genotype 
rcprescntation for the design variables. The stacking sequence or lay-up of the laminate 
is simply a list of ply fibre orientations that make up the entire thickness of the laminate. 
Three discrete ply orientations, will be adopted (0*10 ±450 and 900). This lends 
itself well to representation using a three integer string-like genotype code with each 
integer in the string representing a different ply orientation. The method described here 
is based on the classical approach of describing laminate stacking sequences as 
previously implemented by Le Riche and Haflka (1993). 
The three integer representation uses the integers '1', '2' and 'T to represent ply 
orientations of 0", ±45' and 90' respectively. A stacking sequence is defined by 
concatenating each integer value to form a list of plies that represents the overall 
laminate structure. For example, a [0*/ +45/900/ +45'/01 laminate would be represented 
by an integer chromosome of, '12 3211. 
In the present implementation the reference direction for the 0' plies is the local 
surface X-axis, (longitudinal along the length of the beam) while the 90* plies 
correspond to the local surface Y-axis, (corresponding to the circumferencial direction 
around the section. This genotype representation of actual lmninates allo%vs the ratio of 
fibres of different orientations to be defted as well as the order in which they should be 
placecL 
As an alternative it is also possible to use a natural encoding for the laminate 
using the actual fibre orientation, as in '0 45 90 45 0'. This natural representation 
reduces the need to map chromosomes into phenotype variables but overall renders the 
programming of the genetic operators more complex. 
Since the analysis seeks to consider the flanges and the webs of the box section 
as separate components, the lay-up for each can be specified individually and then 
concatenated to specify the chromosome for the whole beam lay-up. Note that the two 
flanges and the two webs are forced to be equal. This ensures axial symmetry about the 
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boom and eradicates the extension-bending coupling that might arise from the 
asymmetric material properties. 
Although each laminate comprises of 20 plies, enforcing the symmetry constraint 
means that only half of the lay-up needs to be included in the overall laminate 
chromosome. An example illustrated in Figure 8.3-1 shows a flange and web laminate 
configuration for a particular box-scction bcam and its representation as a chromosome. 
Nominally, the thickness of each ply in the lay-up is considered to be equal. 
Ho%vcvcr, the ±450 plies actually comprise of two layers, a+45" and a -45* layer 
sandwiched together. In the analysis the +45" combination 
has the same overall 
thickness as a 0* or 90* ply, but in the FE model it is ncccssary to convert this single ply 
into two, half thickness plies. In practical design using composite materials, +45* plies 
may be placed together with -45' plies in order to maintain symmetry and 
balance and 
guards against unexpected local and global 
deformation occuring. 
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Figure 8.3-1 Chromosome definition for box-section beam laY-uP optimisation 
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8.4 Ph-vsical Box-Section Constraints 
8.4.1 Contiguily constraints 
In composite lay-ups, failure in terms of matrix cracking becomes increasingly likely in 
laminates YAth multiple adjacent (or contiguous) plies of the same fibre orientation$ 
Nagcndra, et aL (1996). In order to produce damage tolerant laminates it is common 
practice to limit the number of adjacent plies of the same fibre-orientation to three or 
four. The previously described implementations of the FEIGA tool for damage detection, 
have incorporated constraints by introducing penalty terms into the fitness function. This 
can cause problems with scaling and the value of the penalty terms must be carefully 
selected on the basis of experience. A penalty term that is too high may lead to 
premature convergence as valuable information from unfit solutions is rapidly lost. 
Alternatively, a penalty term that is too low may allow the algorithm to converge to 
infeasible solutions. If penalty terms can be avoided, the fitness function may be 
simplified. In this instance, the constraint is enforced via a probabilistic repair strategy. 
Repair strategies work by modifying unfeasible chromosomes in such a way that 
they are projected back into the feasible domain. At successive generations the algorithm 
searches the population for individuals that violate the maximum contiguity constraint. 
The constraint is said to be violated when an individual chromosome contains more than 
three successive plies of the same ply orientation. Any infeasible individual containing a 
continuous sub-string of four equal alleles in the web and flange genes is repaired by 
randomly changing the fourth contiguous allele until the constraint is no longer violated 
in that individual. 
int 
While laminate symmetry and contiguity constraints represent good practice in 
composite design, it is also necessary to introduce a strength constraint to ensure the 
structure does not fail under static loading. It is a specific advantage of using the finite 
clement approach that the stresses and strains within the model can be compared against 
a prescribed failure criterion and at multiple locations through the thickness of the 
laminate. This allows the method to accommodate significant local effects. 
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In the method presented here, the strength constraint is formulated in terms of a 
maximum equivalent strain at the top surface of the laminate at three critical strain 'hot. 
spots'. Feasible solutions must not violate the maximum strain constraint at any of these 
locations. A discussion on the selection of these 'hot-spots' follows at the end of this 
section. 
ldcally, the state of the loaded structure at all nodes and at all laminae through 
the thickness of the laminate should be compared against the prescribed failure critcrion. 
However, this requires a significant computational effort, in extracting all the nodal 
results. In particular, obtaining the results at each ply throughout the thickness of the 
laminate requires a new results database to be loaded in LUSAS for each ply. It has bccn 
estimated that this increases the algorithm run time by as much as 30%. In an cffort to 
reduce this computational cffort, it was decided to adopt a strain based failure critcriom 
Ile rationale behind this being that under in-plane loading the strain will be constant 
across the thickness while for bending loads the strain is expected to vary linearly. In 
either case, the maximum measured strain should occur on the top surface. Thus, only 
the surface results need to be loaded and analysed. If a stress based failure criterion %vcrc 
adopted then this assumption would be invalid due to the different stiffness moduli of 
the constituent laminae, leading to different stresses in each ply. Consequently, the stress 
results for each ply would need to be extracted and the maximum value determined and 
compared with the selected failure criterion. 
The maximum equivalent strain criterion used here is adapted from the maximum strain 
criterion of BS4994. BS4994 is strictly applicable to glass-fibrc reinforced pressure 
vessels, and specifies a maximum strain value of 0.2%. This figure based on empirical 
evidence considers matrix cracking to be the first failure limit. Clearly, in pressure 
vessels, any matrix cracking offers a potential escape route for the contents of the vessel 
and/or allows the pressurised contents to penetrate the laminate, potentially causing 
further degradation as a result of chemical attack or crack propagation. In the absence of 
similar guidelines for the design of carbon fibre-reinforced composites, the 0.2% 
rnaximurn strain criterion has been considered here. It can be argued for structural 
components such as the box-section beam under cantilever loading that some matrix 
cracking does not represent the serviceability limit and that some matrix cracking can be 
tolerated without significantly weakening the structure. However, it is the belief of the 
author that adopting such a conservative strategy increases the factor of safety and 
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therefore confidence in the strength of the design as well as minimising any long turn 
detrimental effects on the beam due to water ingress. 
There is much debate about the correct choice of failure criterion when 
cxamining the strength of a composite structure, Harris, et aL (1998). It is acknowledged 
here that stress based criteria specifically developed for composite materials such as 
Tsai-Hill and Tsai-Wu may represent an improvement over the maximum strain 
criterion. However, the fact that the maximum strain criterion is used does not invalidate 
the fundamental approach to the solution of the problem that is presented here. 
Accordingly, it should be noted that a key aspect of future research should aim to 
incorporate composite-specific failure criteria. As demonstrated in the manual design of 
the composite box section beam in which the Tsai-Hill criterion was adopted this is 
within the capabilities of the LUSAS software and could be incorporated into the 
solution algorithm. 
In a further attempt to reduce the computational effort required to extract the 
results, it was decided to only extract the results at critical node positions in the model. 
These 'hot-spots' were determined on the basis of experience and take into consideration 
the location of the expected maximum bending stress in the boom, (using simple beam 
bending theory), and an area of local peak stresses that occur as a result of the 
application of the load. Investigations into the basic loaded box-section, with a number 
of different material lay-ups indicated that a particular area of high strain was located at 
the points where the webs join the lower flange at the loaded end of the section. This is 
illustrated in Figure 8.2-1, which shows a typical equivalent strain state on the outer 
surface of a loaded, completely unidirectional 
box section beam. The strain hot-spots 
(red) are clearly visible in the comers at the right-hand end of the beam. Using this 
information as a guide, Figure 8.4-2 shows the corresponding nodes at which the strain 
constraint is enforced. The high local strains are sampled at nodes N21 and N93, while 
the maximum bending strain is predicted to occur above the pivot and is sampled at node 
N5. The tip deflection is sampled ar N67. 
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figure 8.4-1 Equivalent strains for a loaded box section beam. Lay-up: fully 
unidirectional along length of beam. 
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Figure 8.4-2 Location of nodes for structural response output 
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8.5 Formulation of the Ob*ective (Fitness) Function 
The objective function to be minimised is a penalised beam bending displacement in 
which the displacement of the beam is proportionally penalised in the event that the 
maximum equivalent strain criterion for any solution is violated. Displacement of the 
beam as a result of bending is taken at a node on the top flange of the beam, N67 (Figure 
8.4-2). Taking the beam-tip displacement at this point ensures that the displacement is 
representative of the beam as a whole, and excludes components of displacement as a 
result of localised deformations caused by the application of the load on the lowcr 
flange. If this local deformation is considered, then the algorithm might be expected to 
return a different optimum lay-up. Mathematically, the objective function is formulated 
as shown below. 
if C: 5 ý 
Then Objective Function, F=8 
Else F=8+ 
(6- 
CAW 
b 
Equation 8.5-1 
Where, c is the maximum equivalent strain measured at any of the three sampling points, 
(N5, N21, N93), ý is the allowable equivalent strain limit (0.2%), & is the beam-tip 
displacement for a given individual measured at node N67, is the average of the 
unpenalised displacements of the entire generation. 
The relative importance of the penalty term is maintained throughout the history of the 
algorithm by relating it to the average 
displacement values of the whole generation. 
Also, the magnitude of the penalty term is proportional to the degree by which the 
individual violates the constraint. A solution that only marginally violates the constraint 
yvill be assigned a smaller penalty term than a solution that violates the constraint by a 
large degree. 
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Each individual in the population is assigned a fitness value that is used by the GA to 
sclcct parents. The fitness value for each individual is taken to be the inverse of the 
objective function value. 
8.6 Alaorithm Pseudo-Code 
SENGINE = VBSCRIPT 
Call GAData 
Call SeiTexfFite 
Call GeneratePopulation 
Call CreateBaseModel 
For i=I to 100 (No of Iterations) 
Call Evaluation 
Fori =I to 25(Size of population) 
Call Lusas 
Next 
Call OutputResults 
Call GenerateNewPopulation 
Do until population is full 
Call SelectParents 
Call DoParentsCrossover 
Call GenerateOffspring 
Call Assign 
Loop 
Call Mutate 
Call CheckContiguity 
Ncxt 
End 
Figure 8.6-1 Pseudo-code of the laminate oPtimisation GA 
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8.6.1 Description of Algorithm subroutines 
CYADafa 
Sub-routine that requests the GA control data from the analyst. The data to be input 
includes the size of the population, number of iterations and the probabilities of the 
genetic operators occurring. 
SelTexlFile 
Generates a text output file containing the history of the algorithm for subsequent 
analysis. The information that is output includes lists of all individual chromosomes 
-within each generation, corresponding fitness values, average computed fitness values, 
fittest individuals within each generation, the total number of unique solutions evaluated. 
GeneratePopulation 
Randomly generates a population of candidate chromosomes. The first 10 alleles arc 
integer values between I and 3 representing the lay-up of the box-section flanges, the 
second 10 alleles represent the lay-up of the webs. 
CreateBaseModel Z; ý 
Loads a template LUSAS model containing all elements of the model that are fixed 
throughout the algorithm. These include the geometrY, the wall thickness, the material 
properties of the unidirectional laminae and the mesh. 
F. valuation 
Routine that determines the fitness of each chromosome bY evaluating the penalised 
bearn deflection. 
Lusas 
For each individual, the lay-up chromosome is translated into a physical lay-up and then 
assigned to the model. The model is solved, the results file loaded and the results at the 
sampling locations extracted for calculation of the penalised beam displacement. 
QLliguIRResuLlts 
output algorithm progress data to the previously defined text file. 
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GenerateNewfopulation 
This loop is responsible for the creation of subsequent generations based on the fitncss 
values. Elitism is enforced by ensuring that the fittest individual in any generation is 
automatically passed onto the next generation. 
SeleciParents 
Randomly selects two individuals from the previous population. Selection is biascd in 
favour of the fittest solutions by adopting a fitness Proportional roulettc-whccl method. 
DoParentsCrossove 
Determines with a given probability (0.7) whether the parents will crossover to produce 
offspring. 
, Fpri GenerateOffs 
Generates offspring by combining the parents. The method adopted uses a single point 
crossover with the crossover point randomly selected to occur at any point in the 
chromosome. 
Assýo 
offspring are assigned to a temporary array that represents the subsequent generation. 
Once the array is full and all the genetic operators have been completedý all members of 
the temporary array are assigned to the current population array. 
Mutate 
Mutation occurs vvith a fixed probability (0-03) for each allele in the population 
chromosomes. 
ýiV CheckContip 
Examines each chromosome to see if there four or more contiguous plies anywhere in 
the string. If true, then the fourth contiguous allele is randomly changed to another 
value. This repair method means that only feasible solutions are passed onto subsequent 
generations. 
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8.7 Test Schedule 
The algorithm was tested using a population size of 25 run for 100 generations. A total 
of 100 different tests were completed in order to evaluate the feasibility of the algorithm 
to produce designs that were either optimal or sub-optimal. The population size was 
selected on the basis of experience as the numbcr had previously been sho%Nm to produce 
satisfactory results when applied to the damage detection problems documented in 
previous chapters. The number of generations was selected in order to minimise 
computational effort while still being sufficient to produce an appreciable improvement 
from the initial randomly selected initial population. 
The results have been collected for each test run in terms of a history plot such as that 
shown in Figure 8.8-1, in which the objective function value of the fittest lay-up at each 
generation (or iteration) is recorded. The plots also record the improvement in the 
average value of objective function for each generation. In addition, the fittest individual 
after 100 iterations is recorded along with the corresponding objective function 
(penalised beam displacement) value and these are presented in Table 8.84 and Table 
8.8-5. 
The algorithm was tested on a twin 533 Nfliz processor PC. Each run took on 
average approximately 3 hours to run to completion. 
Since the problem has not been addressed previously there is no known solution in the 
literature. An enumerative search of the solution space in an attempt to locate the global 
minimum would require 3 
20 (3.4e9) separate evaluations, (although this rigure does 
include infeasible solutions that violate contiguity and would therefore not need to be 
evaluated). Since a total of 100 runs of the algorithm have been conducted with each 
run typically solving 1,400-1,700 unique lay-up combinations, the total number of 
evaluations calculated during the course of the tests 
is estimated to be between 140,000 
and 170,000. On the basis of 
iuch a small sampling of the total solution space it is 
diff-Icult to definitively state whether or not the minimum located during the course of 
the testing is the true minimum. 7he aim in analysing the results is to assess the 
evidence to see if the algorithm tends towards an optimwn or group sub-optimal 
solutions, to determine whether the minimum 
located is indeed the global optimum and 
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how reliable the algorithm is given the formulation of the GA and the parameters ha, 
are adoptedfor it. 
8.8 Results and Analysis 
The first evidence that is used to evaluate the performance of the algorithm is to examine 
the history plots for the test runs, in which the objective function is plotted against 
generation (iteration) for both average generational values and the fittest individual 
within a generation. A sample set of history plots for 20 of the test runs are included 
here in Figure 8.8-1 and Figure 8.8-2. 
Despite being a stochastic process, the iterative histories show good repeatability in the 
pattems. Of primary interest is the dark curve plotting the penalised displacement for the 
fittest individual at each generation or iteration. The curve is not in fact a smooth curve 
but rather a series of plateau's representing subsequent generations in which the genetic 
operators fail to produce an offspring individual that is fitter than the fittest individual 
from the previous generation. 
There is a distinct and recognisable trend in most of the curves. in which a period 
of rapid improvement in fitness (up to about 30 generations) is followed by less dramatic 
improvements over the remainder of the analysis. In the early stages of the analysis the 
length of the plates is short relative to those at the end of the analysis which can 
represent 40 or 50 generations without improvement. This general trend is mirrored in 
the average fitness values of each generation Oight plot), although there is a high degree 
of fluctuation that can be explained by not all of the offspring in a generation exhibiting 
improved fitness over that of their parents. 
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The raw data obtained from the tests is collated in Table 8.84 and Table 8.8-5. The 
tables list the test number, the flange and web lay-up chromosomes for the rittcst 
individual found after 100 generations, the corresponding value of the objective 
function, (penalised displacement) and the percentage variation of the objective function 
from the minimum located value. The minimum value located during the course of 
entire the test schedule was returned during test run 63 and underlined in Table 8.8-5. 
To assist the reader the following table summarises again how the chromosomcs are 
translated into laminate ply orientations. 
Chromosome 
Designation 
Corresponding Ply Orientation 
1 00 (i. e. along the length of the beam) 
2 ±450 
3 900 (i. e. circumferencial around the beam) 
Table 8.8-3 Transformation of chromosomes into laminate ply orientations 
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Test 
Number Flange Layup Web Layup, 
Objective Function Value 
Bending Displacement 
(mm) 
Percentage 
Variation from 
Minimum 
1 1113112111 2122111331 11.73352671 3.88% 
2 1112113111 2112131121 11.43452263 1.23% 
3 1121112111 2212113111 11.37959385 07-4% 
4 1113111311 1221131211 11.71110821 3.68% 
5 1131121112 2111212112 12.14340925 7.51% 
6 1211131112 1113211212 12.23368406 8.31% 
7 2111311211 1212112211 12.14254761 7.50% 
8 1311211131 1221212111 12.32798862 9.14% 
9 1121121131 1312111211 12.11631632 7.27% 
10 1131113111 2311212112 11.88132048 5.19% 
11 1112111211 1213211211 11.37938643 0.74% 
12 1112112111 2212121131 11.52840948 2.06% 
13 1131121211 3112121311 12.45839691 10.30% 
14 1121113111 3211122111 11.43696404 1.25% 
15 1112111211 2121132111 11.37904263 0.74% 
16 1113111211 2211312111 11.43694353 1.25% 
17 1112111211 1213112311 11.58746004 2.58% 
18 1121112111 3112111212 11.38082266 0.76% 
19 1121113111 2112213111 11.43463612 1.23% 
20 1311211121 2111211121 11.95352173 5,83% 
21 1113111211 2121121131 11.43581963 1.24% 
22 1112311121 2113111212 12.23468971 8.31% 
23 1112111311 3211311121 11.64602518 3.10% 
24 2111211131 2131112111 12.11707163 7.27% 
25 1112131112 1311121121 12.11691046 7.27% 
26 1113111211 2112211311 11.43595695 1.24% 
27 1121113111 3112131121 11.6460886 3.10% 
28 1113112111 2111321211 11.43654346 1.25% 
29- 1113211121 2122211211 12.38279676 9.63% 
30 1121113111 2112213112 11.58757114 2.59% 
31 1112112111 2211213111 11.37923574 0.74% 
32 1121112111 2131211212 11.52965117 2.07% 
33 1131211121 2112121221 12.38306522 9.63% 
34 1112112111 2113121112 11.37M799 0.74% 
35 -fl-211131 11 2311131121 11.64592838 3.10% 
36 1211312111 2131112111 12.11871243 7.29% 
37 1121113111 3111212212 11.58933449 2.60% 
38 1121113111 3121112111 11.35094881 0.49% 
39 1113112111 2122111211 11.3455224 0.44% 
40 1112111211 2112312111 11.37934256 0.74% 
41 1113112111 2112121321 11.58867455 2.60% 
42 1113112111 2211121311 11.43621969 1.25% 
_ 43 1112111311 1231211122 11.58821487 2.59% 
44 1121211131 2111311211 12.1149B499 7.25% 
45 1121112111 2131121112 11.38029623 0.75% 
_ 46 1211133111 3221112111 12.41923666 9.95% 
47 1121131121 2211121211 12.14211369 7.50% 
48 8 1112111211 2113112211 11.37938166 0.74% E 
4 9 1113112111 2122112211 11.54648161 2.22% 
50 1112111211 1322131112 11.67507648 3.36% 
Figure 8.8-4 Beam optimisation. GA raw data 19 (Continued Over) 
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Test 
Number yup Web Layup 
Objective Function Value 
Bending Displacenwnt 
(mm) 
Percentage 
Variation from 
Minimum 
51 1211211131 1122312111 12.23313141 8.30% 
52 2111312111 2122111211 12.14335251 7.51 % 
53 1112112111 2131112111 11.29684448 0.01% 
54 1112311211 2113121112 12.23489428 8.32% 
55 1121112111 3211223111 11.67590427 3.37% 
56 1112111211 1311211211 11.29646587 0.01% 
57 2111211131 2122113111 12.23361063 8.31% 
58 1112113111 2211213112 11.58771229 2.59% 
59 1121113111 2211221121 11.6100162 2.78% 
60 1121113111 2111311211 11.34861279 0.47% 
61 1131211121 2121112121 12.14380455 7.51% 
62 1113111211 1223112111 11.4370575 1.25% 
63 1121112111 2111312111 11.29550791 0.00% 
64 1112111211 3121112111 11.29776192 0.02% 
65 1121112111 3112111212 11.38082266 0.76% 
66 1131212111 2111311211 12.1189642 7.29% 
67 1311211121 1211311211 12.11981297 7.30% 
68 1211131211 2132111221 12.42321682 T98% 
69 1112111311 2111321212 11.58731937 2.58% 
70 1121113111 3221112121 11.58988476 2.61% 
71 1121112111 2111321121 11.37907314 0.74% 
72 -1121113111 2121123111 11.43468857 1.23% 
73 1131121121 1211311121 12.11840582 7.29% 
74 1112111311 2111313112 11.64303207 3.08% 
75 1311121112 2111211212 
'12.14432287 
7.51% 
76 1121113111 2211132111 11.43517971 1.24% 
77 1112111311 2113112121 11.43474817 1.23% 
78 1113111211 1221223111 11.58901834 2.60% 
79 1113111211 2112113112 11.43591309 1.24% 
80 1113112111 3121121212 11.59052134 2.61% 
81 1113111211 2133112113 11.96879148 5.96% 
82 
83 
1113111211 
1112211131 
2113223111 
2111231121 
11.73467779 
12.23228073 
3.89% 
8.29% 
_ 84 1311211311 1221121132 12.61733675 11.70% 
85 1112111211 2113121121 11. 
, 
37944269 0.74% 
_ 86 1112112111 3211121112 11.38111687 0.76% 
87 1112112111 3121221112 11.53030348 2.08% 
88 1211121311 2211123111 12.23340034 8.30% 
89 1112112111 3112111211 11.2975626 0.02% 
_ 90 1131112111 2211121112 11.34619236 0.45% 
91 1112113111 2121123112 11.58744621 2.58% 
92 1112113111 2112131121 11.43452263 1.23% 
93 1211211131 3112211211 12.23512745 8.32% 
94-- 1112111311 2311211211 11.43608284 1.24%__ 
95 1121113111 3112111211 11.35074091 0.49% 
96 1121112111 3121122111 . 
11.38126469 0.76% 
97 1121112111 3112221131 11.67533445 3.36% 
98 1112113111 2112131121 11.43452263 1.23% 
99 1112121113 1_1311122111 12.11567068 7.26% 
r-100 1121112111 2121213112 11.52839994 2.06%---l 
Figure 8.8-5 Beam optimisation GA raw data II 
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The chromosome for the fittest individual found during the 100 tcst runs was 
'11211121112111312111', located during test run 63. For this chromosome, the 
corresponding penalised tip deflection was 11.295mm and the maximum strain 
constraint is not violated. The corresponding laminate lay-up for the minimum tip. 
deflection boom are as follows: 
Flanges: [02L+45/03L+45/03]s 
Webs: L+45/03/90/0/+45/03]s 
it is reasonable to expect the flanges of the stiffest box-section bcam, and therefore the 
beam Nvith minimum tip deflection, to comprise largely of fibres aligned in the axial or 
0* direction. This is what is found in the flange component of the chromosome of the 
fittest overall individual, '1121112111, with 80% of the fibres in the 0* direction. 
From the contiguity constraint, it is known that there cannot be more than three 
contiguous plies. This means that the unidirectional fibres should be interspersed with 
either ± 450 or 90' plies. Furthermore, it can be demonstrated that for a 10 ply laminate 
the minimum number of non-O* plies that can be present to avoid violation of the 
contiguity constraint is 2. Again, this is true of the flange component of the fittest 
individual. 
Maximum bending stiffness for the bearn as a whole should be obtained when 
the stiffness of the flanges in the axial direction is maximised. It is known that +450 plies 
have a greater stiffness in the axial direction of the beam than 90* plies, %Nhich will 
contribute only the negligible stiffness of the matrix Therefore, maximum bending 
stiffness should occur when the 0* plies in the flanges are interspersed with +450 plies. 
of course, these assumptions are based on consideration of the global stiffness and not 
the local stiffness. The flange chromosome of the fittest individual returned during all 
the tests is consistent with this expected knowledge. In general, this is also true for the 
f, ittest solutions returned during the other tests. 
Consequently, there is confidence that 
%vithin 100 test runs the algorithm 
has correctly determined the flange lay-up for 
jninimum deflection in test run 63. 
Consideration of the web component of the fittest individual, '2111312111' again sho%NS 
that the web of the stiffest section is likely to comprise largely of 0* plies interspersed 
, with both ± 45* and 90' plies. This 
is generally consistent with expectation, however, 
unlike the flange, the web component reveals the presence of a single 
90" ply. Further 
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investigation has shown that changing this to either a+ 45* or a 0* ply leads to violation 
of the contiguity constraint and/or violation of the maximum equivalent strain constraint. 
On the basis of the above, it is concluded that the optimm' solution found during test 
run 63 represents a reasonable engineering solution and that, even if it has not bccn 
unequivocally demonstrated to be the absolute optimum, there arc grounds to believe 
that it may be. Having located the optimum the question of why was this solution was 
only returned in one of the 100 algorithm runs needs to be addressed. 
Examination of the other test results show that despite not returning the optimum 
solution, there are many similarities and patterns in the fittest chromosomes rctumcd 
from the other test runs to indicate the other algorithms may have converged better given 
further iterations, and/or a change in the genetic parameters such as rates of mutation, 
population size, and crossover regime. Examination of the dominant schemata shows 
that despite being seeded with a random initial population, certain schemata are returned 
in the fittest individuals after 100 generations with regularity. 
Some of the dominant schemata for the flange component of the chromosome are 
listed immediately below. Note that these schemata are present in the flange component 
of the optimum solution. Although the full optimum solution was returned on one 
occasion out of 100 tests, the optimum flange solution Nvas located II times during the 
100 tcst runs. 
II********, (present in the fittest returned individual in 84% of test runs) 
112*******, (present in the fittest returned individual in 27% of test runs) 
*******111, (present in the fittest returned individual in 47% of test runs) 
**** *2111, (present in the fittest returned individual in 28% of test runs) 
*211 *****, (present in the fittest returned individual in 25% of test runs) 
*** 112* * *, (present in the fittest returned individual in 26% of test runs) 
In the case of the web component of the fittest chromosomes found after 100 
Senerations, thevveb component of the OPlimum chromosome was only located on one 
I Since it is not possible to prove definitively that this is the optimum solution without an exhasutive 
Search of the solution space, italics are used 
hereafter to indicate the optimum within the bounds of the 
dat, a collected rather than a definitive known optimum. 
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occasion and dominant schemata are less visible and harder to pick out. Those that are 
distinctly rccognisable and present in the optimum are listed below. 
21********, (present in 48% of runs) 
*******111, (present in 25% of runs) 
The applied cantilever load is predominantly distributed throughout the body in terms 
in-plane forces, (exept in the immediate vicinity of the load). The problem is formulated 
in terms of a penalised tip displacement that is remote from the applied load and 
therefore less sensitive to the local effects associated with it. However, local cffccts have 
been considered in terms of the maximum strain constraint andý provided that this 
constraint is not violated, the model is not expected to be particularly scnsitivc to local 
effects. 
Laminate theory predicts that the stiffness of a laminated elcmcnt under in-plane 
is related to the proportion of fibres aligned in a given direction and is indepcndcnt of 
the stacking sequence. Therefore, where beam bending occurs as a result of elements 
that arc primarily under in-plane loading and where the objective function is not 
dependent on out-of-plane or bending effects, the stacking sequence of the laminate is 
not expected to play a large role. If this is true then this lack of stacking sequence 
sensitivity should be clearly visible in the results. To demonstrate this the objective 
function values for a number of chromosomes with the same proportion of plies but 
different stacking sequences is listed below. The values are seen to be very similar, 
although this is only true if the maximum strain constraint is not violated. 
Chromosome 
11121112112121132111 
11211121112111321121 
11121121112211213111 
11121112112112312111 
11121112112113112211 
11121112111213211211 
11121112112113121121 
11121121112113121112 
11211121112212113111 
11211121112131121112 
11211121113112111212 
11121121113211121112 
11211121113121122111 
Objective Function Value 
11.3790426254272 
11.3790731430054 
11.3792357444763 
11.3793425559998 
11.3793816566467 
11.3793864250183 
11.379442691803 
11.379487991333 
11.3795938491821 
11.3802962303162 
11.3808226585388 
11.3811168670654 
11.3812646865845 
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Givcn this lack of scnsitivity, and thcrcforc evolutionary/scicctivc prcssurc, it is not 
surprising that the algorithm converges to fewer multiple solutions for which the overall 
proportion of ply orientations are the same, but the stacking sequence is different Ir the 
results arc interpreted in terms of proportions of ply orientations then the performance of 
the algorithm is seen more clearly. The following results charactcrisc the results in tcrms 
of the proportion of fibres orientations in both the flange and web rather than the 
stacking sequence. In order to describe the results it is necessary to devise a new code 
for describing the results. 
A group of solutions containing the same proportion of fibre orientations, (but 
not necessarily the same stacking sequence) is described in terms of the percentage of 
the thickness that has 0". ±45' and 900 fibre orientations. For example a flange with the 
chromosome, '111212131 V in which 70% of the thickness comprises of 0* plies, 20% 
arc ±45* and 10% are 90' orientations, would belong to the family of solutions described 
thus; 70/20/10. A complete chromosome might look like this; 70/20/10-50/50/0, whcre 
the two components either side of the hyphen represent the flange and the wcb 
respectively. Accordingly, the Optimum solution chromosome, 
11121112111211131211 V belongs to the family of 80/20/0-70/20/10. 
Table 8.8-6 breaks the original test data, in terms of fittest solution at the end of each test 
nin., into families of solutions in which the proportion of ply angles is the same. Since 
each Jay-up configuration is a family of solutions the corresponding average fitness of 
each is included. In this way the relative fitness of each ply distribution can be assessed. 
The data in Table 8.8-6 is ranked with the fittest at the top of the table. This tabulated 
data is visually represented in Figure 8.8-7 (a) in which it is seen that a wide range of 
different solution have been returnedý but that certain solutions that have a significantly 
greater probability of being returned (i. e. 80/20/0-60/30110,80/10110-60/30/10, 
go/10/10-50/40/10,, 70/20/10-70/20/101,70/20/10-60140/0 and 70/20/10-60130/10). 
If this data is further split into flange and %vcb components, as illustrated Figure 8.8-7 (b) 
and (c) it can be seen that the test runs tend to return 
different distributions for each 
component In general, the proportion of 0* plies 
in both flange and %veb is high, but the 
significant difference is that the fittest solutions returned for the %veb components tends 
to have higher proportion of +45' plies. This is explained by the relatively high shear 
loads in the webs that are best accommodated by aligning fibres in the +45*dircction. 
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Layup Proportions 
(flange-web)_ 
Number of Tests 
with Distribution 
Average Value of 
Tip Deflection 
80120/0-70/20110 5 11.29682856 
80/10/10-60/40/0 2 11.34585738 
80/10/10-70/20/10 3 11.35010084 
80120/0-60/30/10 14 11.37987927 
80/10/10-60/30/10 16 11.43564507 
80/20/0-50/40/10 4 11.52919102 
80/10/10-50/50/0 2 11.5782489 
80/10/10-50/40/10 10 11.58856974 
80/20/0-60120120 1 11.58746004 
80/10/10-60/20/20 4 11.64526856 
80/20/0-50/30/20 3 11.6754384 
80/0/20-60/30/10 1 11.71110821 
80/10/10-50130120 2 11.73410225 
80/0/20-50/40/10 1 11.88132048 
70120/10-70/30/0 1 11.95352173 
80/10/10-50120130 1 11.96879148 
70/20/10-70120/10 9 12.11742772 
70/20/10-60/40/0 6 12.14325841 
70/20/10-60/30/10 8 12.23385233 
70/10120-60/40/0 1 12.32798862 
70/20/10-50/50/0 2 12.38293099 
70/10/20-60130/10 1 12.41923666 
70/20/10-50140/10 1 12.42321682 
70/20/10-60120120 1 12.45839691 
70/10/20-50140/10 1 12.61733675 
Table 8.8-6 Distribution of fibre orientations of the fittest individuals determined 
over 100 runs of the algorithm 
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During the testing the optimum solution is only found on one occasion, (test 63). 
Assuming the optimum solution to be the true optimum, the algorl I s clearly not 
100% reliable and it is therefore necessary to quantify how reliable it is. In other words. 
even if the algorithm is not guaranteed to find the minimum what is the probability that 
the solution will be near the optimum solution and how near is it likely to be? This 
informabon is necessary to give a designer a 'feel' for the accuracy of a given algorithm, 
Also since the reliability is only applicable to a given algorithm with a given set of 
control parameters, this information is required if subsequent work aims to quantify the 
cffects of changing the algorithm and the control parameter-, with a view to improving 
performance. 
Here the reliability of the algorithm is presented in terrns of the percentage of test runs 
that find a minimum penalised tip displacement within a given tolerance of that returned 
by the optimum solution. This data summansed in Figure 8.8-8, where 240"o of test runs 
located optima within 1% of the global optimum, 67% of the tests located optima within 
5% of the global optimum and all the tests located optima within 12% of the global 
optimum. 
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lFigure 8.8-8 Reliability of tested algorithm relative to the Optimum solution 
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8.9 Discussion 
The fittcst individual found by the GA in 100 test runs, (the optintunt) is in good 
agrccment with results that might be expected using engineering judgement alone. This 
isancouraging and indicates that the approach adopted here may be valuable tool in 
this type of design optimisation problem. It may be argued that in the light of this 
agreement between the expected results and the actual minimum dcflccfion result that 
the problem is somewhat trivial and does not require a relatively complex and time- 
consuming algorithm to find a solution. However, the problem has been simplificd to 
demonstrate the method and more complex problem formulations in terms of the ritncss 
function and constraints can be readily incorporated. The fact that there is good 
agreement between the optimum and that predicted by engineering judgement is also 
attributed to fitness function being formulated in terms of a single objective and the 
presence of only one single penalty term. Alternative formulations of the fitness function 
in which more complex constraints are incorporated may not have returned such obvious 
solutions to the problem. It is these more complex problems for which the algorithm is 
perhaps best suited, when the solution is not apparent to the designer. It is therefore 
encouraging that while the fittest solution during the tests generally met expectations, it 
was also able to correctly predict the presence of a 90* ply in the wcb lay-up; something 
that may not have been at all apparent to a designer doing the exercise manually. 
-Me fact that the optimum solution was only found on one occasion out of 100 tests is 
initially a concern. However, inspection of the fittest solutions returned by the other tests 
after 100 generations do show evidence of convergence With certain schemata that are 
present in the optimum solution also present 
in many of those that did not return the 
optimum. it is proposed here, that allowing the algorithms to continue 
for further 
generations may improve the observed convergence. 
Despite this apparent lack of 
convergence to the optimum solution within 
100 generations by all but one of the test 
runs, overall the algorithm always returned a solution Within 
12% of the optimum. 67% 
of the test runs returned a 
fittest value within 5% of the optimum. 
Analysis of the results from the perspective of proportions of ply orientations in the 
larninate rather than exactly matching the optimum stacking sequence, shows a clear 
convergence among the tests to a smaller set of solutions that 
have the same proportion 
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of 0*, ±45' and 90* fibres. In hindsight, this is not surprising since in this problem the 
fitncss has been shown to be relatively insensitive to the stacking scqucnee ordcr. This 
, will not be the case if the problem is expanded to include local bending cffccts due to the 
application of loads. For example, in a future telehandler boom design it may be 
necessary to constrain the local out-of-plane displacements at wear pad locations to a 
maximum allowable value. 
Having demonstrated the general applicability of the methodý future work should focus 
on incorporating composite specific stress-based failure criteria that can be determined 
at all nodes in the model and at all plies through the thickness of the laminate. Rcrining 
the model to include more constraints such as local bending, buckling and more accurate 
modelling of the boundary and loading conditions is also suggested if the analysis is to 
reliably specify the Ian-dnate lay-up. It is expected that these improvements will add to 
the computational effort required. In turn this may require more cfficicnt algorithms and 
points to a more detailed investigation into the algorithm from a pure GA performance 
perspective. 
In conclusion, the integrated FEIGA has been used to predict a suitable lay-up for an 
idealised model of the CFRP prototype intermediate telehandler boom designed 
manually in Chapter 3. Because of the idealisations incorporated into the analytical 
FE/GA model, direct comparisons between the two solutions does not offer any insight 
into the performance of the algorithn-L However, it should be noted that both the manual 
design exercise and the GA optimisation approach both revealed that better designs 
incorporate a difference in lay-up between the flange and the %veb components. 
it is clear that for the problem defined here, the algorithm is able to return optima that 
are considered reasonable based on engineering knowledge, while sampling less than 
5XIO' % of the global solution space. Although, the tests do not always converge to the 
optimum a general ability to find solutions within 12% of the exact optimum has been 
identified for the algorithm parameters described here. The analysis has justified the 
results of the GA in terms of reasonable engineering judgement. Because of this, no 
claim has been made as to convergence to the exact solution, since this is not known at 
this stage. Future developments might seek to formulate alternative search strategies to 
validate whether or not the true optimum solution is returned by the chromosome, 
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'11211121112111312111'. Two future branches of research are rccommcndcd for 
further investigation. (1) A parametric investigation into how the formulation of the GA 
in terms of parent selection scheme, size of population, probabilities of mutation ctc. 
affect the efficiency of the algorithm, (2) a refinement of the model to better reflect that 
actual design problem. This includes incorporating a composite-spcciric strength critcria, 
a finer mesh, improved modelling of the boundary conditions. Furthermore, additional 
boom performance considerations can be included either as a criterion in the objective 
function or as a constraint. These include, buckling performance and considcration of 
free edge effects. 
The method described illustrates the applicability of the method to the design 
optimisation problem. The aim has been to demonstrate the feasibility of the FE/GA tool 
and how it can be integrated into the design process to help optimisc complex geometry 
structures under complex loading conditions. Despite the simplifications; that arc 
inherent here, it is clear that the method offers much scope for further improvement. 
Little emphasis has been placed here on optimising the GA, rather the aim is to 
demonstrate that the method is broadly applicable. A full investigation can look at 
optimising the GA parameters to improve reliability. Of course in such problems, %vhcrc 
no exact solution exists it may be difficult to determine whethcr the algorithm is 
converging to the correct solution and this is hereby acknowledged. Howcvcr, it may be 
the case that multiple runs of algorithms will return an array of potential design solution 
that the human designer can interpret using 'soft' criteria that cannot be incorporated 
into a purely mathematical model. 
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CHAPTER 9: 
CONCLUSIONS AND FUTURE WORK 
9.1 Conclusions 
To conclude, the original contributions to the advancement of knowledge that have been 
made in the course of this research project are as follows: 
A robust framework has been developed that enables a %vide range of inverse damage 
detection and structural optimisation problems to be solved, using a tool that 
integrates the finite element method with genetic algorithms. 
2) The so-called FE/GA tool has been developed using the LUSAS FE package and 
interfaced with the analyst-written GA using VBScript The result is a versatile 
technique that exploits the functionality of commercially available FE softwarc and 
can be implemented using a desktop PC. Knowledge of GAs and some programming 
is needed by the analyst, however, knowledge of programming difficult and complex 
FE code is not required. 
3) It has been demonstrated that evolutionary algorithms present a robust methodology 
for the solution of a wide range of optimisation problems, particularly when the 
variables to be solved are a mixture of discrete and continuous values. Despite this 
robustness, GAs present many opportunities for problem-specific customisation. 
4) An original method for detecting and quantifying longitudinal cracks in box-section 
beams using the FE/GA tool has been developed. The theoretical study demonstrates 
how experimentally obtained displacement data from a series of three-point bend 
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tests can be used to reveal the damage. The method has bccn shown to bc rcasonably 
reliable even in the presence of moderate noise. 
An original method for detecting and quantifying dclamination damage using tile 
FE/GA tool has been developed. The theoretical study demonstrates how 
experimentally obtained data using whole-field optically measured surface responses 
can be used to reveal the delamination. The technique is expected to form the basis 
of future automated damage detection and quantification routines. 
6) The FE/GA tool has been successfully applied to the optimal laminate lay-up of a 
composite box-section beam. It presents the opportunity of investigating the 
optimisation of increasingly complex components in terms of both geometry and 
material variables. 
7) An original design for a groundbreaking carbon fibre-reinforccd composite boom for 
a JCB 506C Telehandler has been developed and, at the time of %witing, is being 
manufactured for protot)W evaluation. 
The FEIGA tool described here represents a significant new method for exploring the 
power of genetic algorithms with respect to structural optimisation problems. These may 
be either design optimisation or inverse damage detection problems. The examples have 
been chosen to represent a diverse range of possible applications and to demonstrate 
how inverse damage detection may be posed as an optimisation problem. They also 
demonstrate how the basic approach may be readily tailored to suit the problem at hand. 
Within the scope of the inverse damage detection and quantification problems, different 
loading conditions and means of determining the structural response have been 
considered. In all the problems addressed a number of different chromosome 
representations of variables have been presented alongside different techniques for 
handling design constraints. 
If materials are weakened by the presence of flaws they must respond accordingly to 
load and be revealed by a reduction in stiffness. So-called inverse analyses are able to 
quantify the severity of flaws since they are 'active' in contrast to traditional forms of 
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non-destructive testing techniques that are 'passive. A practical and significant bcnefit 
of this approach is that the identification process automatically generates a finite element 
model of the damaged component. This model can subsequently be used with in-situ 
boundary conditions to quantify the effect of the damage on the structure and distinguish 
between benign and malignant defects. 
9.2 Future Work 
Having recognised the benefits of integrating genetic algorithms with the finite element 
method and describing a powerful tool that allows this to be done, the research has 
demonstrated three distinct applications to which the FE/GA tool may be applied. Each 
of these applications has been developed to the point that its potential has been clearly 
demonstrated from a theoretical perspective. However, a number of issues have arisen 
during the research programme and areas for further development are necessary if the 
methods described here are to be fully exploited. 
ExWrimental Data for Inverse Damage Detection 
in the case of the inverse damage detection GAs presented in Chapters 6 and 7. the 
research has set out to demonstrate that the method is theoretically feasible. In both 
cases perfect simulated experimental response data has been input into the algorithms. 
of course, for real-life applications it is necessary for the algorithms to function well 
when the input data contains noise. The work on crack detection in box-section beams 
has demonstrated that the method still works effectively when a moderate amount of 
random noise has been introduced into the perfect simulated data. However, the next 
stage must be to evaluate the algorithms against real experimental data. 
The fundamental issue to be investigated is how sensitive the method is to errors. 
These errors will arise as a result of random experimental variation as well as from a 
positive or negative bias between the finite element model and the experimental 
response data. This is considered the most important area of research to validate the 
method described here. The first stage must include the use of laboratory based 
experimental data. If this is successful, the in-situ testing of box-scction beams or 
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dclaminatcd pancls is the ncxt logical stcp. In the casc of the dclarnination detcction 
algorithm, development of this original research is currently on-going, from both a 
theoretical and a practical measurement perspective, at the Wolfson School of 
Mcchanical and Manufacturing Enginecring at Loughborough Univcrsity. 
The implementations investigated so far have rclicd on a certain level of a-priori 
knowledge regarding the state of the damage. For example, in the crack detection 
algorithm of Chapter 6 it is known a-priori that the damage takes the for7n of a pair of 
parallel longitudinal cracks. In the delamination detection algorithm of Chapter 7 is is 
known a-priori that the panel contains a single delamination. It is concluded that this 
problem-specific knowledge is generally beneficial since it reduces the size of the 
solution space and/or the size of the finite element model and therefore the 
computational effort involved to reach a satisfactory solution. However, incorporating a. 
priori knowledge also renders a particular algorithm more problcm-dcpcndcnt. 
in those real-life cases where the form of the damage is not known, or may be a 
combination of two or more distinct damage mechanisms, the application of the method 
is unknown at this point. Theoretically the method is fully capable of describing multiple 
damage types and multiple detection algorithms may be run in parallel to attempt to 
determine the damage. It is thought however, that in the case of multiple damage, 
different load cases will be required to identify the various components of damage. The 
success of the method will therefore depend on the ability to physically measure a 
different range of responses under different load-cases - possibly using different 
measurement techniques. 
. 2.2 
im roving the Performance of the Genetic Algorithms 
it has been demonstrated that the GA is capable of locating damage from experimental 
response data. However, the acknowledged Achilles-heel of the approach is the amount 
of computational effort that is required to reach a solution. Most of this cffort is related 
to the function evaluation stage and the consequences will certainly influence future 
developments. The accuracy of Ihe method will depend on how well the finite clement 
model represents the actual response. Generally speaking, the greater the rcf'inemcnt of 
the model the more accurate it will be. However, there will be a related increase in 
computational effort required to solve the function evaluation phase of the algorithm for 
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more refined models. Therefore, there is clearly a balance to be struck bctwccn 
determining damage to a sufficient resolution and computational run-timcs. Although, 
computing power may be expected to increase, the issue of limited computational powcr 
will always be a major issue. As computational power increases. then tile types of 
problem that will be solved will become ever more complex. This leads to the 
conclusion that optimisation of the optimisation method itself is a necessary area of 
research and questions of how to best optimise the optimiscr become important. In this 
respect there is considerable scope for research. In addition to including a-priori 
knowledge it has been demonstrated in the crack detection GA that an improvement in 
solution accuracy can be obtained by incorporating a non-cvolutionary local search 
technique. 
Genetic algorithms can be thought of as a general method for solving 
optimisation problems. Within the overall method there is considerable scope for 
improvement, both in terms of optimisation of application-spcciric GAs and from the 
perspective of pure fundamental research into the performance of GAs themselves. It is 
the experience of this research that significant improvements in terms of accuracy and 
reductions in computational effort can be achieved by the following; the incorporation 
of a-priori knowledge, changing the method of parent selection for crossover, changing 
the crossover mechanism itself and correctly selecting the form of the objective function. 
To a lesser extent it is possible to improve the performance of the algorithm by changing 
the control parameters of the algorithm such as the genetic operator probabilities, and 
the size of the population. 
in the present research the author has used a degree of experience and trial and 
error to select the parameters of an algorithm to best solve the problem within a 
reasonable time-scale. The literature demonstrates that there is no uniAing theoty 
governing those parameters to be used for a given application and the performance of 
that algorithm. Furthermore, the on-going development of our understanding of the 
fundamental behaviour of GAs is still in its infancy and has been identificd in the 
literature as an an important area for future research. 
This research has concentrated on developing a useful tool and determining its 
feasibility. It does not include a detailed investigation into the sensitivity of the 
algorithm to different control parameters. However, it is the experience of the author that 
by far the greatest effect on the speed and accuracy of the algorithm %%zs to be found by 
optimising the magnitude of any multiple penalty terms that were included in the 
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objective function. On the basis of this, it is strongly recommended that altcmativc 
methods of enforcing constraints, such as those used in the laminatcd optimisation 
problem be considered before adopting penalty constraints. 
Future work should undoubtedly focus on fon-nalising the relationship bctwccn various 
control parameters and the accuracy, reliability and time required to return a sufl'icicntly 
accurate solution within a reasonable time-scale for a given problem. Whcn Considcring 
the implementation of a GA for a given problem, the analyst should give careful thought 
to these issues. 
Although the two types of problem, (inverse damage dctcction and design 
optimisation) may be solved using the same analytical tool the ultimate requirements of 
each analysis are fundamentally different. In the case of inverse damage detcction it is 
more important to emphasise the accuracy of the final solution, since an crroncous, 
identification would represent a major failing. However, with damage dctcction 
algorithms it is always possible to test an algorithm against a k-no%Nn solution. In the case 
of design optimisation, the emphasis on accuracy and locating the exact global optimum 
is less critical, since any improvement in the design may be highly beneficial. 
Furthermore, it may not always be possible to compare the results of a design 
optimisation algorithm with a known solution. 
Two important and potential limitations of using GAs to solve inverse analyses have 
emerged from the investigations of this thesis. The first is that, despite the generally 
impressive performance of GAs, they may not always be guaranteed to locate the global 
optimum for all cases. The second observation arises from the xvork- of Chapter 6 in 
which it is demonstrated that the ability of the GA to correctly determine the correct 
damage was impaired by the presence of simulated experimental errors. Furthermore, it 
is noted that the presence of noise affected the identification of some damage scenarios 
more than others. Both of these observations suggest that since the GA can correctly and 
reliably determine some damage configurations more readily than others, it may not be 
the GA parameters themselves that are the cause of this. Rather there may be some 
underlying feature of the solution space topology itself, which may trick the GA into 
returning the wrong solution. This line of thought opens up a whole new area of research 
that focuses on how the topology of the solution space may affect the performance of the 
GA. 
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If as expected, the topology of the solution space does affect the pcrformancc of 
the GA in terms of both accuracy and the number of function evaluations, it prcscnts the 
possibility of actively formulating problems in such a way that the solution space is 
more amenable to search by GAs. Is it possible to formulate a problem so that it 
maximises the chances of returning the correct global optimum even in the presence of 
experimental error? Since the topology of the solution space is determined by the 
interaction of all the parameters that define a problem, it is considered that it would be a 
valuable exercise to identify all the parameters that define an inverse damage dctection 
problem and examine how sensitive the solution space it to changes in each of thcsc. 
The aim of such research would ultimately be to develop both problem-speciric and 
general guidelines as to how to best design an experiment so that the solution space is 
more sympathetic to search by GA. Furthermore, it is expected that this approach may 
reveal valuable information about the limitations of the method. It is envisioned that a 
systematic investigation into the effect of various problem parameters on GA 
performance would be an extensive and detailed body of research that is beyond the 
scope of this thesis. However, the general philosophy behind this approach it has been 
discussed and expanded on in more detail in Appendix 11. The aim of this additional 
work has been to act as a pointer to future researchers hoping to solve similar problems 
to those addressed in this thesis and who wish to improve the performance of their 
algorithm in terms of identifiability of the correct global optimum using minimal 
computational resources. Appendix 11 also provides a framework for quantifying the 
effect of experimental errors on damage identifitability. This dovetails well with one of 
the main conclusions here. Namely, that in order to progress the research described in 
this thesis, the algorithms developed now need to be tested using real experimental data. 
Rather than present a comprehensive study, the Appendix provides a framework for how 
%ve might think about GA performance in terms of the topology of the solution space the 
underlying problem parameters. 
Limitations due to excessive demands on computer resources may be addressed by the 
use of parallel computing techniques and certain software improvements by the LUSAS 
software vendor would be helpful. In particular, it would be enormously beneficial in 
this work to be able to control whether the FE soRNNure determines nodal displacements 
alone or also determines element stresses and strains. It has been observed during the 
evaluation phase that the time to extract stresses and strains from the dctcrmined nodal 
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displacements is large compared with simply solving for the nodal displaccmcnts. In the 
inverse damage detection algorithms dcscribcd here, the objective function was 
formulated in terms of nodal displacements alone and the author estimates that such an 
improvement to the software would result in reductions of run-timc of up to 30%. 
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9.3 Concluding Remarks 
The present work has demonstrated how GAs may be applied to the solution of a range 
of very different engineering optimisation problems, in which the function landscape 
may be described in terms of both discrete and/or continuous variables. In the present 
implementation it is not necessary to assume any knowledge of the structural response 
function since this is determined by the FE package as a black-box component. 
Certainly, for practical engineering structures and problems, the manual preparation of a 
FE stiffness matrix and subsequent processing is hugely impractical. Even the 
implementation of a traditional optimisation approach using a known FE response 
function would be cumbersome for real-life structures with a large number of dcsign 
variables and degrees of freedom. Since most practising engineers arc of1cn not 
mathematically-minded and are comfortable working with black-box applications, it is 
probable that the relatively simple and robust approach to solving optimisation problems 
afforded by the FE/GA approach would be well-rcceived. 
The demonstrable advantages of integrating genetic algorithms %vith the finite clement 
method described in this thesis are sufficient to encourage further development despite 
the problem of being computationally expensive. However, the undoubted bcncflts of 
Optimisation in terms of inverse damage detection and design %vill surely lead to the 
future optimisation of increasingly complex systems for which only a simple, yet robust, 
methodology will be suited. In order to meet these needs and to bring the power of 
genetic algorithms to wider practical applications in the commercial cnvironmcn% 
powerful, yet simple to use and customisable GA-based tools %vill be nccded. Such a tool 
has been developed and successfully applied to a range of cnginccring optimisation 
problems. Having clearly demonstrated the effectiveness of the FE/GA tool it can now 
be used to explore other inverse damage detection and structural optimisation problems. 
Alternatively, the tool represents a valuable means of investigating more fundamental 
research into the performance of GAs and their effectiveness in solving a wide range of 
finite element based optimisation problems. 
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APPENDIXI 
SOURCE CODE FOR THE INVERSE 
DELAMINATION DETECTION ALGORITHM 
DESCRIBED IN CHAPTER 7 
Filename: DELAM GA CL50 
Date: 1/12/00 
SENGINE=VBSCRIPT 
DECLARATIONS 
Dim vaFile 
Dim popSize 
Dim popLength 
Dim iter 
Dim probM 
Dim probC 
Dim cOver 
Dim name 
Dimpop(100,300) 
Dim cost(100) 
Dim holdingPop(100,300) 
Dim holdingDefl(100,300) 
Dim calCounter 
Dim z 'counter controlling the whole GA 
Dim n 'counter controlling the GenerateNewPopulation subroutine 
Dim h 'counter controlling the generation of a history log 
WAIN ROUTINE 
calCounter =0 
Randomize 
processcommand("Model New") 
Call GAData 
timel =Time 
set textWindow = getTextWindowo 
textWindow. writeline("Start of Routine") 
textWindow. writehne("Algorithm in progress. Please wait ................. Call SetTextFile 
Call GeneratePopulation 
Call CreateBaseModel 
For z-I to iter 
Call Evaluation 
Call GenerateNewPopulation 
Next 
time2 - Time 
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Call TimeFunc(timel, time2, deltaTime) 
textWindow. writeline("Total Number of calculations 
title - 'GA Optimiser" 
msgbox "Algorithm SuccessfWly Completed" & vbNe% 
txtFile. WriteLine("Number of evaluations -"& calCoi 
txtFile. WriteLine("Time at processor & deltaTime) 
Wile. close 
'GAData 
Public Sub GAData 
Rem Obtain GA control data 
redim labeW6) 
redim headers(O) 
redim data(0,6) 
const scriptTitle2 -"Beam Genetic Algorithm - CONTROL DATA" 
labels(O)="Population Size" 
labels(l)-"String Length" 
labets(2)="Number of Iterations" 
labels(3)="" 
labels(4)--"Prob Crossover" 
labels(5)="Prob Mutafion" 
labels(6)="Crossover (Single/Double)" 
headers(0)="" 
data(0,0)="I 
data(0,1)=02; 70 
data(0,2)=wI" 
data(0,3)--" * 
data, (0,4)="0.7* 
data(0,5)=*0.02N 
dat, a(0,6)="Single/Double Combination" 
'First dialogue box generation and loop for checking data input 
okPressed = createSimp]eDialog(scriptTitle2, labels, headers, dat3) 
if (okPressed) Then 
POPSizeý Clnt(data(0,0)) 'VARIABLES CONTROLLING THE GA IMUST BE DECLARED AS 
MTEGERS 
popLength - Clnt(data(O, 1)) 
iter - CInt(data(0,2)) 
probC - CSng(data(0,4)) 
probNl - CSng(data(0,5)) 
cOver = data(0,6) 
End if 
End Sub 
I 
'CREATE RESULTS TEXT FILE 
Public Sub SetTextFile 
Set fs - CreateObject("Sc-ripting. FileSystemObjecto) 
Set tictFile = fs. CreateTextFile("C: \AAndrew\GAs\Resultstxt", Truc) 
bdFile. WriteLine("GENETIC ALGORMINI RESULTS FILE "& Date && Time) 
txtFile. WriteBlankLines(l) 
txtFile. WriteLine("INPUT PARAMETERS") 
txtFile. WriteLine(*popSize=" & popSize) 
txtFile. WriteLine("popLength="& popLength) 
"& calCounter) 
& vbNewLinc & "Processor Time: deltaTiamc. 
, title & calCounter) 
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txtFile. WriteLine("iterations -" & iter) 
txtFile. WriteLine("probC=" & probC) 
txtfile. WriteLine("probM=" & probM) 
txtfile. WriteLine("Crossover--" & cOver) 
txtfile. WriteBlankLines(l) 
End Sub 
I 
'GENERATE ORIGINAL POPULATION 
Public Sub GeneratePopulation 
'Generate an initial population of solutions, popo 
Topo is a i*j matrix of potential solutions, where 
'Rem i represents the number of hypothescs in the population 
'Rem j represents the length of the binary string 
For i-I To popSize 
For j=2 To popLength 
pop(L j) - Int(Rnd(I) + 0.5) 
Next 
Next 
'Rem Generate a random number between the upper and lowerbound to derine the depth 
lowerbound =I 
upperbound =5 
For i-I to popSize 
Randomize 
pop(i, 1) = Int((upperbound - lowerbound + 1) * Rnd(I) + lowerbound) 
Next 
End Sub 
I--- 
#EVALUATION 
Public Sub Evaluation 
Dim defl(3()0,300) 
Dim tol(I 00) 
Dim penalty(300) 
Dim D(300) 
Dim displacementSorted(300,300) 
Dim random(300,300) 
For iI to popSize 
For k=I to popSize 
total 0 
Forj I to popLength 
If pop(ij) = holdingPop(kj) Then 
total - total +1 
If total = popLength Then 
For I-I to popLength 
defl(i, l) -holdingDefl(kl) 
Next 
flag - "yes" 
total -0 
End If 
Else 
total =0 
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Next 
Next 
End If 
If flag <> "yes" then 
Call Lusas(i, defl) 
calCounter - calCountcr +I 
End If 
flag = P" 
N"t 
Call SampleExperimenta[Data(D, displacementSorted, randomnopen) 
Rem Pattern recognition penalty 
Rem Penalty for zero-rated displacements 
For i-I to popSize 
penalty(i) -0 
Forj =I to 71 
If sqr(defl(ij)A2) >0.000000000 I Then 
pcnalty(i) - penalty(i) +I 
End If 
Next 
Forj = 74 to 85 
If sqr(defl(ij)", 2) > 0.000000000 1 Then 
penalty(i) - penalty(i) +I 
End If 
Next 
Forj = 92 to 101 
If sqr(defl(ij)A2) > 0.000000000 1 Thcn 
End If 
penalty(i) = penalty(i) +I 
Next 
Forj - 108 to 116 
If sqr(defl(ij)1%2) > 0.000000000 1 Then 
penalty(i) - pcnalty(i) +I 
End If 
Next 
Forj - 125 to 132 
If sqr(defl(ij), *l) > 0.000000000 1 Then 
penalty(i) - penalty(i) +I 
End If 
Next 
Forj = 141 to 149 
If sqr(defl(ijr2) > 0.0000000001 Then 
PaWty(i) - penalt)ji) +I 
End If 
Next 
Forj - 156 to 165 
If sqr(defl(ij)A2) > 0.000000000 1 Then 
penalty(i) - penalt)ji) +I 
End If 
Ncxt 
Forj = 172 to 183 
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If sqr(defl(ij)A2) > 0.000000000 1 Jim 
penalty(i) - penalt)ji) +I 
End If 
Next 
Forj 186 to 256 
If sqr(defl(ij)"2) > 0.0000000001 Then 
pcmlty(i) - pcn&lt)fi) +I 
End If 
Next 
Next 
Rem Calculate the penalty for the sampled pattern 
sampledPen-4 
For i-I to popSize 
'Row I 
If defl(i. 72)<-defl(47l) Then 
penalty(i) - penalt)ji) + umplcdPcn 
End If 
If def1(i, 73)<-defl(i, 74) Then 
penalty(i) - penalt)fi) + sampledPen 
End If 
'Row2 
If def1(L86)<-defl(L83) Then 
penalty(i) - penalt)ji)+ sampledPen 
End If 
If def1C%87)<-defl(k86) Then 
penalt)fi) - penalt)ji)+ sampledPen 
End If 
If de(1Ci, 88)<-dcflCk87) Then 
penalty(i) - pcnalt)fi)+ s&mpledPen 
End If 
If def1(i, 89)<-defl(L90) Tben 
penalt)f i) - penalt)f i)+ sampledPen 
End If 
If def1(L90)<-dci1(k9l) Then 
pcnaltyCi) - pcn3lt)fi)+ sampledPen 
End If 
If def1Ci, 9I)<-defl(L92) Then 
penalt)-Ci) - pcnalt)-(i)+ sampledPen 
End If 
'Row3 
If defICt, I 02)<-deflCi. 10 1) Then 
penalt)-Ci) - pemlt)-Ci)+ s&mpledPen 
End If 
If def1Ci, l03)<-dcf1(i. 102) T'hen 
penaltyCi) - pcnalt)fi)+ umpledPcn 
End If 
If defl(L 104)<-defl(L 103) Then 
peat)fi) - penalt)ji)4- sampledPen 
End If 
If def)C4l05)<-defi(LI06) Then 
penalt)ji) - penalt)Oi + sampledPen 
End If 
Ifdef1(LI06)<-dcfl(kI07) Tbcn 
pcnalt)ji) - penalt)ji)+ umplodPcn 
End If 
If defiCt. I 07)<-deflCi. 108) Then 
pciult)fi) - penalt)fi)+ umpledPen 
End If 
If deflCi, I I7)<-dcfl(L 116) Then 
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ROWS 
Row6 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(i, I 18)<=defl(i, 117) Then 
penalty(i) = penalty(i)+ swnpledPen 
End If 
If defl(i, I 19)<=defl(i, 118) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(i, 120)<=defl(L 119) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(i, 12 1)<=defl(i, 122) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(i, 122)<=defl(i, 123) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(i, 123)<=defl(i, 124) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(i, 124)<=defl(i, 125) Then 
penalty(i) = penalty(i)+ sampledPen, 
End If 
If defl(i, 133)<=defl(L132) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(i, 134)<=defl(i, 133) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(i, 13 5)<=defl(L 134) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(i, 13 6)<=defl(L 13 5) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(i, 137)<=defl(L 13 8) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(i, 138)<=defl(i, 139) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(i, 139)<=defl(i, 140) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(i, 140)<=defl(i, 14 1) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(i, I 50)<=defl(i, 149) Then 
penalýi) = penalty(i)+ sampledPen 
End If 
If defl(i, 15 1)<=defl(L 150) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(i, 152)<=defl(L 15 1) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(L 153)<=defl(L 154) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(i, 154)<==defl(i, 155) Then 
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'Row7 
'Row8 
Next 
penalty(i) - penalty(i)+ sampledPcn 
End If 
If defl(i, 155)<-defl(i, 156) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(i, 166)<=defl(i, 165) Then 
penalty(i) - penalty(i)+ sampledPen 
End If 
If defl(i, 167)<=defl(L166) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If detl(i, 168)<=defl(i, 167) Then 
penalty(i) - penalty(i)+ sampledPcn 
End If 
If defl(i, 169)<=defl(i, 170) Then 
penalty(i) - penalty(i)+ sampledPen 
End If 
If defl(i, 170)<=defl(4 171) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(4171)<=defl(t, 172) Then 
penalty(i) - penalty(i)+ sampledPen 
End If 
If defl(i, 184)<=defl(L183) Then 
penalty(i) = penalty(i)+ sampledPen 
End If 
If defl(i, I 85)<=defl(L 196) Then 
penalty(i) - penalty(i)+ sampledPen 
End If 
Rem Determine overall cost including peak displacement 
For i=I to popSize 
cost(i) = penalty(i) + Abs(defl(4120) - D(120)) 
Next 
Call CreatelioldingArray(defl) 
Call OutputResults(defl) 
End Sub 
INPUT EXPERINENTAL DATA AND SAMPLE IT 
Public Sub SampleExperimenta[Data(D, displacementSortedrandorrinoPen) 
Dim temp(100) 
Rem Input the experimental data D 
Form -I to 71 
D(m) -0 
Next 
For m- 186 to 256 
D(m) -0 
Next 
For m- 74 to 85 
D(m) -0 
Next 
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For m- 92 to 101 
D(m) -0 
Next 
Form= 108 to 116 
D(m) -0 
Next 
For m= 125 to 132 
D(m) =0 
Next 
For m= 141 to 149 
D(m) -0 
Next 
For m- 156 to 165 
D(m) -0 
Next 
For m= 172 to 183 
D(m) =0 
Next 
D(72) = 0.00171681 
D(73) = 0.00171681 
D(86) = 0.00300573 
D(87) - 0.0185708 
D(S8) = 0.0491695 
D(S9) -0.0491695 
D(90) =O. 0 185708 
D(91) =0.00300573 
D(102) -0.0185708 
D(103) -0.0993233 
D(I 04) =O. 159939 
D(I 05) -0.15993 9 
D(106) =0.0993233 
D(107) -0.0185708 
D(II7) -0.00171681 
D(I 18) =0.0491695 
D(I 19) =O. 159939 
D(120) -0.240009 
D(121) -0.240009 
D(122) -0.159939 
D(I 23) =0.0491695 
D(124) -0.00171681 
D(133) -0.00171681 
D(134) -0.0491695 
D(135) -0.159939 
D(I 3 6) =0.240009 
D(l 3 7) -0.240009 
D(138) -0.159939 
D(139)-0.0491695 
D(140) -0.00171681 
D(I 50) -0.0 185708 
D(151)-0.0993233 
D(152) -0.159939 
D(153) -0.159939 
D(IS4) -0.0993233 
D(ISS) -0.0185708 
D(166) -0.00300573 
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D(I 67) -0.0185709 
D(I 68) -0.0491695 
D(I 69) =0.0491695 
D(I 70) -0.0185708 
D(171)-0.00300573 
D(I 84) -0.00171681 
D(I 85) =0.00 171681 
Rem Rank the Experimental data 
Rem Create a surface and displacement array 
For i-I to popLength 
displacementSorted(i, 1)=i 
displacementSorted(i, 2)-=D(i) 
Next 
'represents surface 
'represents equivalent displacement 
For j-I to popLength 
For i=I to popLength- I 
If displacementSortedCI+1,2)>displacementSorted(42) Then 
temp(l)=displacementSorted(41) 
temp(2)=displacementSorted(42) 
displacementSortedCt, l)=displacementSortedCt+l, 1) 
displacementSorted(t, 2)=displacementSoried(i+1,2) 
displacementSorted(i+1,1)=temp(l) 
displacementSorted(i+1,2)-temp(2) 
End If 
Next 
Next 
Rem Generate a random array representing pairs of data in the sorted displacement array for umpling of 
the input signal. 
Randomize 
upperbound = 70 
lowerbound. =I 
r, open - 20 
For I to noPen 
Do 
10 is the number of penalty rules 
random(L 1) = Int((upperbound - lowerbound + 1) * Rnd + lo%wbound) 
random(L2) = Int((upperbound - lowerbound + 1) ' Rnd + lo%%wbound) 
If random(L 1)<>random(L2) Then 
Exit Do 
End If 
Ncxt 
Loop 
Rem Swap over results of random if random(L I) > random(42) 
Dim trash 
For i=I to noPen 
If random(41) > random(42) Then 
trash = random(41) 
random(4 1)=random(i, 2) 
random(i, 2)=trash 
End If 
Next 
Rem Convert random array into surfaces 
]For I to noPen 
Fori =I to 2 
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Next 
Next 
random(ij)=displacementSorted(random(ij), I) 
txtFile. WriteLine("Randomly Sampled Surface Rules for Generation") 
For i-I to noPen 
txtFile. WriteLine(random(41) &">"& random(i, 2)) 
Next 
End Sub 
'CREATE HOLDING ARRAY 
Public Sub CreateHoldingArray(defl) 
For j-I to popSize 
For k=I to popLength 
holdingPopo, k) = popo, k) 
Next 
Next 
Forj =I to popSize 
For k=I to popLength 
holdingDeflo, k) = defla, k) 
Next 
Next 
End Sub 
f 
ýOUTPUT RESULTS 
Public Sub OutputResults(defl) 
Call SumArray(cost, total) 
Call Fittest(Index) 
costAverage = totaYpopSize 
vaFile. WriteLine("GENERATIONAL RESULTS Iteration & z) 
txffHe. WriteDlankLines(l) 
txtFile. WriteLine("MIVIIDUALS COST") 
For i=I to popSize 
For j=I to popLength 
uffile. Write(pop(4 j)) 
Next 
baFile. Write("") 
txtFile. Write(cost(i)) 
tKtFile. WriteBlankLines(l) 
Next 
txtFile. WriteBlankLines(l) 
txtFile. WriteLine("AVERAGE COST & costAverage) 
txtFile. Write("BEST MIVIIDUAL 
txtFile. WriteBlankLines(l) 
For i=2 to 17 
txtFile. Write(pop(Index, i) & 
Next 
txtFile. WriteBlankLines(l) 
For i= 19 to 33 
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txtFile. Write(pop(Index, i) & 
Next 
txtFile. WriteBlankLines(l) 
For i- 34 to 49 
txtFile. Write(pop(Index, i) & 
Next 
txtFile. WriteBlankLines(l) 
For i= 50 to 65 
txtFile. Write(pop(Index, i) & 
Next 
txtFile. WriteBlankLines(l) 
For i- 66 to 81 
txtFile. Write(pop(Index, i) & 
Next 
txtFile. WriteBlankLines(l) 
For i= 82 to 97 
txtFile. Write(pop(Index, i) & 
Next 
baFtle. WriteBlankLines(l) 
For i= 98 to 113 
txtFile. Write(pop(Index, i) & 
Next 
txtFile. WriteBlankLines(l) 
For i= 114 to 129 
txtFile. Write(pop(Index, i) &" 
Next 
vdFile. WriteBlankLines(l) 
For i= 130 to 145 
txtFile. Write(pop(Index, i) &" 
Next 
vaFile. WriteBlankLines(l) 
For i- 146 to 161 
txtFile. Write(pop(index, i) &" 
Next 
txtFile. WriteBlankLines(l) 
For i= 162 to 177 
txtFile. Write(pop(Index, i) &* 
Next 
txtFile. WriteBlankLines(l) 
For i= 178 to 193 
txtFile. Write(pop(Index, i) &" 
Next 
txtFiile. NVriteBlankLines(l) 
For i- 194 to 209 
txtFile. Write(pop(Index, 0&" 
Next 
txtFile. WriteBlankLines(l) 
For i- 210 to 225 
txtFile. Write(pop(Index, i) & 
Next 
txtFile. WriteBlankLines(l) 
For i= 226 to 241 
MtFile. Write(pop(Index, i) & 
Next 
txtFile. WriteBlankLines(l) 
For i= 242 to 257 
txtFile. Write(pop(Index, i) & 
Next 
txtFile. WriteBlankLines(l) 
txtFile. WriteLine("Depth ="& pop(Index, 1)) 
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txtFile. WriteLinc("COST & cost(Index)) 
txtFile. WriteBlankLines(l) 
End Sub 
0 
'GENERATE NEW POPULATION 
Public Sub GenerateNewPopulation 
Dim parents(300,300) 
Dim offSpring(300,300) 
Dim tempPop(300,300) 
Rem Find the fittest solution and assign to the temppop, array 
Rem Modify it by changing the layer number 
Call Fittest(Index) 
'Rem Assign the fittest solution 
For j=I to popLength 
tempPop(Ij) = pop(Indexj) 
Next 
n-I 
'Rem Assign the fittest solution x2 
Forj =I to popLength 
tempPop(2j) = pop(Indexj) 
Next 
n=2 
I Mutate the fittest solution depth in location 2 
lowerbound -I 
upperbound =5 
tempPop, (2,1) = Int((upperbound - lowerbound + 1) Rnd(l) + lowerbound) 
Do 
Call SelectParents(parents) 
Call DoParentsCrossOver(flag) 
If flag = "yes" Then 
Call Assign(parents, tempPop) 
Call GenerateOffSpring(parents, ofTSpring) 
Call Assign(offSpring, tempPop) 
Else 
Call Assign(parents, ternpPop) 
End If 
Imp Until n >-- popSize 
Call Nfutate(tempPop) 
Call Substitute(tempPop) 
Rem Assign tempPop to Pop 
For i=I to popSize 
For j=I to popLength 
pop(i, j) = tempPop(ij) 
Next 
Next 
End Sub 
, sELEcr PARENTS 
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Public Sub SelectParents(parents) 
Rem This routine is based on the weighted spinning wheel selection 
Dim spinner(100) 
For i=I To popSize 
spinner(i) -I/ cost(i) 
Next 
Call SumArray(spinner, total) 
For i-I To popSize 
spinner(i) = spinner(i) / total 
Next 
Rem Stack the weighted spinner 
counter =0 
For i=I To popSize 
spinner(i) = spinner(i) + counter 
counter = spinner(i) 
Next 
Rem Randomly select 2 results as parents 
Fori =I To 2 
Randomize 
random = Rnd(I) 
i=I 'this loop determines the position of the random weighted wheel 
DO 
counter = random - spinner(i) 
i=i+I 
Loop While counter >0 
num=i- I 
For k-I To popLengththis loop assigns the parents to positions M2 in the parents an-ay 
parents(i, k) = pop(num, k) 
Next 
Next 
End Sub 
I 
'ASSIGN 
Public Sub Assign(data, tempPop) 
Dim signal(2) 
Rem Does data(l) exist in the temporary population? 
For iI To popSize 
total I 
For jI To popLength 
If data(l, j) = tempPop(L j) Then 
If total = popLength Then 
signa](1) = "yes" 
End If 
total =I+ total 
Else 
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total -0 
End If 
Next 
Next 
If signal(l) - "yes" Then 
Else 
n-n+I 
For j-I To popLength 
tempPop(n, j) = data(l, j) 
Next 
End If 
signal(l) -0 
Rem Does data(2) exist in the temporary population? 
For iI To popSize 
total I 
For jI To popLength 
If data(2, j) = tempPop(L j) Then 
If total - popLength Then 
signal(2) - "yes" 
End If 
total -I+ total 
Else 
total =0 
End If 
Next 
Next 
If signal(2) = "yes" 71en 
Else 
n=n+l 
Forj =I To popLength 
tempPop(n, j) = data(2, j) 
Next 
End If 
sigwl(2) =0 
End Sub 
, GENERATE OFFSPRING 
Public Sub GenerateOffspring(parents, offipring) 
Call SinglePointCrossOver(parents, offspring) 
End Sub 
'SINGLE POINT CROSSOVER 
public Sub SinglePointCrossOver(parents, offspring) 
Dim matrix(300) 
'Rem define the W matrix in the centre of the specimen 
k-I 
For i= 70 to 182 Step 16 
Forj =i to i+7 
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matrix(k) 
k-k+l 
Next 
Next 
'Rem Generate a random number between I and 64 
lowerbound -I 
upperbound - 64 
Randomize 
random - Int((upperbound - lowerbound + 1) Rnd(l) + lowerbound) 
random - matrix(random) 
For i-I To random 
offSpring(l, i) = parents(l, i) 
ofISpring(2, i) = parents(2, i) 
Next 
For i- random +I To popLength 
offSpring(l, i) - parents(2, i) 
offSpring(2, i) = parents(l, i) 
Next 
End Sub 
I 
7AWATE 
Public Sub Mutate(tempPop) 
Rem Each bit in the population array has a probM chance of being mutated. 
Dim random(3DO, 300) 
Randomize 
ifutation constrained to occur in the identified delamination zone 
Rem Do not mutate the best solution in the population 
Rem This is for the surface individuals 
For i=3 to popSize 
Forj = 70 to 182 Step 16 
For k =j toj +7 
random(Lk) - Rnd(l) 
If random (Lk) < probNf Then 
If tempPop(Lk) -I Then 
tempPop(i, k) -0 
Else 
tempPop(i, k) -I 
End If 
Next 
Next 
End If 
Next 
F, nd Sub 
, SUBSTr=ON 
public Sub Substitute(tempPop) 
"This is the substitution routine applied to the fittest solution only 
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'This substitutes a block of Us, 30 in solution. The location of this is randomly sclecied. 
Randomly select the location between surface I and 222. I'lie location corresponds to the location of the 
top RH square 
For i-3 to popSize 
lowerbound =2 
uppcrbound - 223 
schema 
subsPos = Int((upperbound - lowerbound + 1) * Rnd(l) + lowesbound) 'position of substitution 
txtFile. WriteLine("Position of substitution -"& subsPos) 
tempPop(i, subsPos) =0 
tempPop(ýsubsPos+I) =0 
tempPop(4subsPos+2) -0 
tcmpPop(4subsPos+l 6) -0 
tempPop(4subsPos+17) =0 
tempPop(i, subsPos+ 18) =0 
tcmpPop(4subsPos+32) =0 
tempPop(4subsPos+33) -0 
tempPop(4subsPos+34) =0 
Next 
End Sub 
I 
TM FlTTEST SOLUTION 
Public Sub Fittest(Index) 
Rem Order the objective function in terms of increasing cost and return the corresponding index 
Dim costRanked(I 00) 
For i-I To popSize 
costRanked(i) = cost(i) 
Next 
Rem Calculate the lowest weighted cost value 
Rem the lowest value is assigned to costRanked(l) 
For j-I To popSize 
For i=I To popSize -I 
IrcostRanked(i + 1) < costRanked(i) Then 
temp - costRanked(i) 
c4DstRanked(i) - costRanked(i + 1) 
costRanked(i + 1) = temp 
End If 
NW 
Next 
Rem Find the index of the lowest weighted cost value by comparing results 
For i=I To popSize 
if costRanked(l) = costoi Then 
index -i 
End If 
Next 
End Sub 
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0 
'SUM ARPLAY 
Public Sub SumArray(dataArray, counter) 
Rem This subroutine returns the sum of the individual components of an amy 
counter -0 
For i-I To popSize 
subVal dataArray(i) + counter 
counter subVal 
Next 
End Sub 
0 
DO PARENTS CROSSOVER 
Public Sub DoParentsCrossOver(flag) 
Randomize 
random = Rnd(l) 
If random <= probC Then 
flag = "yes" 
Else 
flag - "no" 
Endlf 
End Sub 
'CALCULATE PROCESS TIME 
Public Sub TimeFunc(tirne I, tirne2, deltaTime) 
Dim hour, minute, second 
dcltaTime = ForniatNumber(time2,5) - FormatNumber(time 1.5) 
deltaTime - deltaTime*86400 
hour - Int(deltaTime/3600) 
minute Int((deltaTime - hour*360OY60) 
second Int(deltaTirne - hour*3600 - minute*60) 
deltaTime = hour & ": " & minute & ": " & second 
End Sub 
, CREATE BASE MODEL 
Private Sub CreateBaseModel 
I- Open the base model - 
setCwd("C: \AAndrew\GAs") 
filename = "DelamGAMasterModel. mdl" 
processCommand("MODEL USE FILENAME=" & filename) 
name - "Delam" 
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End Sub 
I 
'NIAIN LUSAS SOLVER 
Private Sub Lusas(L defl) 
I- Optimisation of Solution 
@processCommand("SET OPTIMISER OPTYPE-CUn 11LIAICKEE 
CNICTYP-MAXIMUM-BANDWIDTH NITOPT-30") 
'proccssCommand("SET SOLVER_TYPE CGTYPE-FAST CGTOL-D CG, *f AX-D*) 
'- Assign Thickness - 
processCommand("ASSIGN GEOMETRY SURFACE SN- 17256 IGNIP-0 & popCk 1)) 
'- Assign Material - 
processCommand("ASSIGN COMTOSITE SURFACE SN-IT256 ICONIP-Q & pop(LI) LORINT=4") 
'- Assign Loading - 
For j-2 to popLength 
If pop(ij)=1 Then 
processCommand("ASSIGN LOADING SURFACE SN-* & j. I ILDG. I LCID. I 
FACTOR=I") 
Else 
processCommand("ASSIGN SUPPORT SURFACE SN-"&J. l &0 ISUPmI LCID. 1-, ) 
End If 
Next 
" Tabulate data file and run analysis - 
processCommand("TABULATE MODEL ACTIVE-ALL DEFORM-UNDEFORNIED PLTFIL-1 
RSTFEL=O F]ILENAME=" & name & ". dat") 
processComma. nd("PROCESS LUSAS WAIT FELENAAiE=,, & name & ". dat*) 
I- open results file - 
proemCommand("RESULTS OPEN IRES=* EFAff=BINARY FILENAIqE. w & name & w. m) I 
I- Extract and report surface deflections - 
defl(i, 1)=getDataBasco. getNodeDyNumber(I 3). SctResults("DISPLACF-NIENT', "DZ") 
defl(i, 2)=SetDataBaseo. gctNodeByNumber(21). SetResults("DISPLACaW-NT'. DZ ) 
defl(43)=getDataBasco. getNodeByNumber(29). getResults(*DISPLACE\iENr. *DZ*) 
defl(L4)=getDataBaseo. getNodeByNumber(37). getResults("DISPLACENIENTI. "DZI) 
den(i, S)=SetData]3aseo. getNodeByNumber(45). SetResults("DISPLACENIENT', 'DZI) 
deflCi, 6)=SetDataBaseo. getNodeByNumber(53). getResults("DISPLACENtMq"r, *DZI) 
defl(i, 7)=getDataBaseo. getNodeByNumber(61). getResults(*DISPLACaUlrm. *DZ*) 
defl(48)=getDatal3aseo. getNodeByNumber(69). getResults(*DISPLACF-NtENr. *DZI) 
deflCt, 9)=getDataBaseo. getNodeByNumber(77). getResults("DISPLACF-NtENI'., -DZN) 
defl(i, I 0)=getDataBaseo. getNodeByNumber(85). gctResults(*DISPLACENtENT', "DZ") 
defl(41 1)=getDataBaseo. getNodeByNumber(93). getResults('DISPLACENIENTI, 'DZO) 
defl(i, 12)=getDataBaseo. getNodeByNumber(IOI). getResults(*DISPLACF-NIENT*, "DZ, ) 
defl(i, 13)--getDataBaseO. getNodeByNumber(109). getResults(wDISPLACE?, IENT*. "DZI) 
dcfl(i, 14)=getDataBaseo. getNodeDyNumber(I 17). getResults("DISPLACF-NtENT*. ODZe) 
defl(i, 15)=SetDataBaseo. getNodeByNumbcr(125). gctResults("DISPLACENtENTI, *DZ, ) 
defl(i, 16)=getDataBaseo. getNodeByNumber(133). getResults('DISPLACUIENT", *DZ0) 
defl(i, 17)=getData]3aseo. getNodeByNumber(143). getRestdts("DISPLACF, \IENT", 'DZ ) 
defl(i, 18)=getDataBaseo. getNodeByNumber(149). SetResults("DISPLACENtENr. 'DZ*) 
detl(i, 19)=getDataBase(). getNodeByNumber(155). getResults("DISPLACENtENTO, 'DZ") 
defl(i, 20)=getDataBaseo. getNodeByNumber(161). getResults("DISPLACENIENT", *DZ") 
defl(i, 21)=getDataBaseo. getNodeDyNumber(167). getResults("DISPLACE-NiEN7l, "DZI) 
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defl(i, 22)=getDataBaseo. SetNodeByNumber(I 73). gctResujts(*DISPLACBIENT". "DZ*) 
defl(i, 23)-getDataBaseo. getNodeByNumber(I 79). SetResults("Dl S PLACE MENT*, DZ') 
defl(i, 24)=getDataBaseo. getNodeByNumber(ISS). getResults(*DISPLAC U-fE-NTO. "DZ*) 
dcfl(i, 25)-getDataBaseo. gctNodeByNumbcr(191). gctResults(*DISPLAC MENTO, TZO) 
defl(i, 26)-getDataBaseo. getNodeByNumber(197). getResuits(*DISPLACBtENr, 'DZ*) 
defl(i, 27)=getDataBaseo. gctNodeByNumber(203). getResults('DISPLACE-NIENr, "DZO) 
defl(i, 28)-getDataBaseo. getNodeByNumber(209). getResults("DISPLAC M-IENT", "DZ*) 
defl(i, 29)-getDataBaseo. SetNodeByNumber(215). getResults("DISPLACENIENTO. IDZO) 
defl(i, 30)=SetDataBaseo. getNodeByNumber(221). SctResults("DISPLACalENr, *DZO) 
defl(i, 3 1)=getDataBaseo. getNodeDyNumber(227). getRcsults("DISPLACatENTO. ODZO) 
defl(i, 32)=getDataBaseo. getNodeByNumber(233). getResults(*DISPLACBIENr, "DZO) 
defl(i, 33)-getDataBaseo. getNodeDyNumber(243). gctResults(ODISPLACENIENr, 'DZO) 
defl(i, 34)-getDataBaseo. gctNodeDyNumber(249). getRcsults('DISPLAC M-IENr, "DZI) 
defl(i, 35)=getDataBaseo. gctNodcByNumbcr(255). gctRcsults('DISPLACBIENr. "DZ') 
defl(i, 36)=getDataBaseo. getNodeByNumber(261). getResults("DISPLAC U-IENT. 'DZ*) 
defl(i, 37)=getDataBaseo. getNodeByNumbcil267). getResults("DISPLACatENr. "DZO) 
defl(i, 38)-getDataBase(). getNodeDyNumber(273). gctResults(*DISPLACENIENr, "DZI) 
defl(i, 39)=getDataBaseo. getNodeDyNumber(279). getResults('DISPLACE-NIE-Nr. ODZ*) 
defl(i, 40)=geiDataBaseo. getNodeByNumber(285). SetResults(*DISPLACENIENr. 'DZ*) 
defl(i, 41)=getDataBaseo. SetNodeDyNumber(291). getRcsults(*DISPLAC U-IE. Nr. *DZ*) 
defl(i, 42)=getDataBaseo. getNodeByNumbcr(297). getResults("DISPLACENIM, rr, "DZI) 
defl(443)=gctDataB&seo. getNodeByNumber(303). gctResults('DISPLACENIENr. *DZ*) 
defl(444)=getDataBaseo. getNodeByNumber(309). getResults("DISPLACENIENr, 'DZI) 
defl(i, 45)=getDataBaseo. getNodeByNumber(3 I 5). getResults("DISPLACF-NIENr. "DZG) 
defl(i, 46)=getDataBaseo. getNodeByNumber(32 1). getResults(ODISPLACENtENr., Dz,, ) 
defl(i, 47)=getDataBaseo. getNodeByNumber(327). gctResults('DISPLACENIENr. 'DZO) 
defl(i, 48)--getDataBaseo. SetNodeByNumber(333). getResWts("DISPLACDIENr,, DZO) 
defl(i, 49)=getDataBaseo. getNodeByNumber(343). getResults("DISPLACENIC-Nr. 'DZI) 
defl(i, 50)=getDataBaseo. getNodeByNumber(349). SetResults("DISPLACENIENr. "DZN) 
defl(45 1)=getDataBaseo. getNodeByNumber(355). getResu]W'DISPLACENtENr. DZe) 
defl(i, 52)=getDataBaseo. getNodeByNumber(361). getResuits("DISPLACENIENr, "DZo) 
defl(i, 53)=getDataBaseo. getNodeByNumber(367). getResults("DISPLACatENr, *DZ") 
dcfl(i, 54)=SetDataBaseo. SetNodeByNumber(373). getResults('DISPLACENIMqr, "DZQ) 
dcfl(i, 55)=SetDatal3aseo. getNodeByNumber(379). getResults('DISPLACENIENr, 'DZ") 
defl(i, 56)=SctDataBaseO. getNodcByNumber(385). getResults("DISPLACE?. IENT-. 'DZ') 
defl(i, 57)=geiDataBaseo. getNodeByNumber(391). getResWts('DISPLACEI, tENr. "DZO) 
defl(i, 58)=getDataBaseo. getNodeByNumber(397). getResults('DISPLACF, \U: bM. IDZ*) 
dcfl(i, 59)=gctDataBaseo. getNodeByNumber(403). getResults(I'DISPLACUtENr, 'DZ*) 
defl(L60)=getDataBaseo. getNodeByNumbcr(409). getResults('DISPLACF-NtENI-. ODZI) 
defl(i, 61)=getDataBaseo. getNodeByNumber(415). getResults('DISPLACE?. tENr. 'DZO) 
defl(i, 62)=getDataBaseo. getNodeByNumber(421). getResults(ODISPLACEi%tENr., DZu) 
defl(i, 63)=getDataBascO. getNodeDyNumber(427). getResults("DISPLACENIENr. 'DZ") 
dcf1(i. 64)=getDatal3aseo. getNodeDyNumber(433). gctResults(ODISPLACE-\Iem. ODZO) 
detl(465)=getDataBaseo. getNodeByNumber(443). gctResults("DISPLACF-\tENT". 'DZ') 
defl(L66)=-getDataBaseo. getNodeByNumber(449). getResults(*DISPLACF-NtENT'. 'DZ*) 
defl(i, 67)=getDataBaseo. SctNodeByNumber(455). getResults('DISPLACF. NIENr, "DZ") 
deflCt, 68)=getDataBaseo. getNodeDyNumber(461). getResults(I'DISPLACF. NtENr, 'DZ*) 
defl(i, 69)=getDataBaseo. getNodeDyNumber(467). getResults(wDISPLAM- ioq"r, 'DZG) 
defl(i, 70)=getDataBaseo. getNodeByNumber(473). getResults("DISPLACENtENr, 'DZI) 
defl(i, 71)=SetDataBaseo. getNodeByNumber(479). getResults("DISPLACF. NtEN7-, IDZ*) 
defl(472)=getDataBaseo. SetNodeByNumbetf485). getResults('DISPLAM- tENTI. "DZI) 
defl(i, 73)7getDataBaseo. getNodeByNumber(491). SctResults("DISPLACF, \tENI'. 'DZ*) 
defl(i, 74)=getDataBaseo. SetNodeByNumber(497). getResults('DISPLACr-AIENr., 'DZ-) 
defl(i, 75)--getDataBascO. SetNodeByNumber(503). getResults("DISPLAC U-IENI', 'DZI) 
defl(i, 76)=getDataBaseo. SetNodeDyNumber(509). SctResults('DISPLACF-NIE. NT-, 'DZ') 
defl(i, 77)=getDataBaseo. gctNodeByNumber(515). gctRenJts('DISPLACENIENTI. *DZO) 
defl(478)=getDataBaseo. getNodeByNumber(521). getResults("DISPLACBIENr, *DZ') 
defl(i, 79)=SetDataBaseo. getNodeByNumber(527). getResults("DISPLACBIENT', "DZ') 
defl(480)--getDataBaseo. getNodeDyNumber(533). SctResults(*DISPLACE\IENr, 'DZ") 
defl(i. 81)=gctDatallascO. getNodeDyNumber(543). gctResults('DISPLAM- le4r., 'DZ*) 
defl(i, 82)=getDataBaseo. getNodeByNumber(549), getResults('DISPLACF-NIENT". *DZ*) 
defl(i, 83)=gctDatal3aseo. gctNodeByNumber(555). SetResults("DISPLAC U-tE-N7', ODZ*) 
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defl(i, 84)=SetDataBaseo. getNodeByNumber(561). getResults(*DISPLACE-SIENT", "DZ*) 
defl(i, 83)=geiDataBaseo. getNodeByNumber(567). getResults("DISPLACENIE-NTO, "DZ0) 
defl(i, 86)--getDataBaseo. SetNodeByNumber(573). getResults("DISPLACrij%IC- Nr, 'DZO) 
defl(i, 87)=getDataBaseo. getNodeDyNumbcr(579). gctResults(IDISPLACUtE-NT". *DZ") 
defl(i, 88)=getDataBaseo. getNodcByNumber(585). gctResults('DISPLACaIE-NT". 'DZ") 
defl(i, 89)=gctDataBaseo. getNodeByNumber(59 1). gctResults("DISPLACUIE. Nr, 'DZN) 
dcfl(i, 90)=getDataBaseo. getNodeByNumber(597). gctResults(IDISPLACENIE. NTO, IDZI) 
defl(i, 91)-getDataBaseo. getNodeDyNumber(603). getResults(IDISPLACENIENT*, ODZO) 
defl(i, 92)-gctDataBaseo. gctNodeByNumber(609). getRcsults("DISPLACatENTO. ODZO) 
defl(i, 93)=getDataBaseo. getNodeDyNumber(615). getResults("DISPLACENIE. NT*, ODZO) 
defl(i, 94)--getDataBaseo. getNodeByNumber(62 1). getResults("DISPLACENIENr. 'DZO) 
defl(i, 95); =getDataBaseo. gctNodeByNumbcr(627). getResults("DISPLACENIENT". "DZ*) 
dcfl(i, 96)=gctDataBaseo. gctNodeByNumber(633). getResults("DISPLACC- NIC-Nr. *DZ*) 
defl(i, 97)=getDataBaseo. getNodeByNumber(643). getResults("DISPLACE-NIENr, "DZI) 
defl(i, 98)=getDataBaseo. gctNodeByNumber(649). getResults(IDISPLACENII.: Nr, ODZO) 
den(i, 99)=gctDataBaseo. getNodeDyNumber(655). getResults("DISPLACENIENr, ODZI) 
defl(i, loo)-gctDataBasco. getNodeDyNumber(661). getResults("DISPLAC"IC. Nr, 'DZI) 
defl(i, 10 1)=getDataBaseo. getNodeByNumber(667). getResults("DI SPLACE ME NT". ODZI) 
defl(i, 102)=getDataBaseo. gctNodeDyNumber(673). gctResults("DISPLACENIENr. "DZ") 
defl(i, 103)=getDataBaseo. getNodeDyNumber(679). getRcsults("DISPLACaIE-NT". IDZO) 
defl(i, 104)--getDataBaseo. getNodeByNumber(685). getResults("DISPLACENtENr, "DZO) 
defl(4105)=getDataBascO. getNodeDyNumber(691). getResults("DISPLACENIENr, "DZO) 
defl(LI06)=getDataBaseo. gctNodeByNumber(697). gctResults("DISPLACENIENr. *DZO) 
defl(4107)=getDataBaseo. getNodeDyNumber(703). getResults('DISPLACENIENT". IDZO) 
defl(4108)=getDataBaseo. gctNodeByNumber(709). getResults('DISPLACENIENr, ODZO) 
defl(i, I D9)=getDataBaseo. getNodeDyNumber(715). getResults("DISPLACENIENr, *DZ*) 
defl(i, II o)=getDataBaseo. getNodeByNumber(721). getResults("DISPLACENWI-Tr, "DZ*) 
defl(L 11 1)=getDataBaseo. getNodeByNumber(727). getResults("DISPLACENWNr, ODZI) 
defl(i, I 12)=getDataBaseo. getNodeByNumber(733). getResults("DISPLACENtENr. 'DZO) 
defl(i, I 13)=getDataBaseo. getNodeByNumber(743). getResults("DISPLACENIENTO, *DZ0) 
defl(ý I 14)=getDataBasco. getNodeByNumber(749). gctResults("DISPLACENIENr, DZO) 
defl(i, I 15)=getDatal3aseo. getNodeByNumber(755). getResults("DISPLACENtE-Nr., DZN) 
defl(i, I 16)=getData]3aseo. getNodeByNumber(76 1). SetResults("DISPLACENIENr, ODZI) 
defl(L I 17)=getData]3aseo. getNodeDyNumber(767). getResults("DISPLACalENr, "DZI) 
defl(i, I 18)=getDataBaseo. getNodeByNumber(773). getResults("DISPLACENIENr. DZI1) 
defl(i, I 19)=geiDataBaseo. getNodeByNumber(779). getResults('DISPLACENIENr, "DZ") 
defl(i, 120)=getDataBasc(). gctNodeByNumber(795). gctResults("DISPLACF-NflENr, 'DZ") 
defl(4121)=getDataBaseo. getNodeByNumbe. r(791). getResults('DISPLACENtENl-, 'DZN) 
defl(ý122)=getDataBaseo. getNodeByNumber(797). gctResults("DISPLACENW-. Nr. "DZI) 
defl(i, 123)=getDataBaseo. getNodeByNumber(803). getResults("DISPLACaIENr. 'DZI) 
deflCi, 124)=getDataBaseo. getNodeByNumber(809). getResults("DISPLACENIENr. 'DZ-) 
defl(i, I 25)=getDataBaseo. gctNodeByNumber(S I 5). getResults("DISPLACENtENr, 'DZO) 
deflCt, 126)=getData]3aseo. getNodeByNumber(S21). getResults('DISPLACE-NIE-Nr. ODZ') 
defl(4127)=getDataBaseo. getNodeByNumber(827). getResults(*DISPLACENIENT", IDZ0) 
defl(4 128)=getDataBaseo. getNodeByNumber(833). getResults('DISPLACENtENT", 'DZ*) 
defl(i, 1 29)=SetDataBaseo. getNodeByNumber(843). getResults("DISPLACENtENr., DZI1) 
defl(i, 130)=getDataBaseo. getNodeByNumber(849). gctResults('DISPLACENtENr, 'DZ*) 
defl(i, 131)-getDataBaseo. getNodeByNumber(855). getResults(*DISPLAM- IENT", 'DZ*) 
defl(4132)=getDataBaseo. gdNodeByNumber(86t)-getResults("DISPLACE\tENr. 'DZI) 
defl(4133)=getDataBaseo. getNodeByNumber(867). getResults("DISPLACENtENT*. 'DZO) 
defl(i, 134)=geiDataBaseo. gctNodeByNumber(873). getResults('DISPLACL\uD"M, 'DZ*) 
defl(i, 135)=getDataBaseo. getNodeByNumber(879). gctResults("DISPLACENIENr, 'DZ*) 
defl(i. 136)=getDataBaseo. getNodeByNumber(885). getResults('DISPLACENtEýM. *DZ*) 
defl(i, 137)=SetDataBaseo. getNodeByNumber(991). getResults("DISPLAC a-lENr, *DZv) 
defl(i, 138)=SetData]3aseo. getNodeByNumber(997). getResults("DISPLACENIENr., DZe) 
defl(i, 139)=getDataBaseo. getNodeByN=ber(903). gctResults("DISPLAMIENT". ODZN) 
deflCi, 140)=getDataBaseo. getNodeByNumber(909). getResults(wDISPLACatENT". IDZI) 
defl(i, 141)=getDataBaseo. getNodeByNumber(915). gctResults(*DISPLACENIENr. ODZ, ) 
deflCt, 142)=getDataBaseo. getNodeByNumber(921). getResults('DISPLACENtENII, *DZR) 
defl(i. 143)=getDatallaseo. gdNodeByNumber(927). getResults("DISPLACENIENT*. 'DZ*) 
defl(i, 144)=getData]3aseo. getNodeByNumber(933). getResults('DISPLACF-NIENrODZO) 
defl(4145)=getDataBaseo. getNodeByNumber(943). getResults("DISPLAC U. IE-Nr, *DZ*) 
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defl(i, 146)--getDataBaseo. getNodeByNumber(949). getResults("DISPLACEME, NTN , IIDZI, ) 
defl(i, 147)=getDataBaseo. getNodeByNumber(955). getResults("DISPLACEMENTn, "DZ") 
defl(i, 148)=getDataBaseo. getNodeByNumber(961). getResults("DISPLACEMENT", NDZ") 
defl(i, 149)=getDataBaseo. getNodeByNumber(967). getResLdts("DISPLACEAEM", ODZN) 
defl(i, 150)=getDataBaseO. getNodeByNumber(973). getResults("DISPLACEMENT", NDZ*) 
defl(i, 151)=getDataBaseo. getNodeByNumber(979). getResults("DISPLACENI[ENTOI, ODZn) 
defl(i, 152)=getDataBaseo. getNodeByNumber(985). getResults("DISPLACEMENT", "DZ") 
defl(i, 153)=getDataBaseo. getNodeByNumber(991). getRegults("DISPLACFI*IENT , DZ defl(i, I 54)=getDataBaseo. getNodeByNumber(997). getResults("DISPLACEMENT", ', DZe) 
defl(i, 155)=getDataBaseo. getNodeByNumber(1003). getResults(I'DISPLACEMENT", DZ 
defl(i, 156)-getDataBaseO. getNodeByNumber(1009). SetResults("DISPLACEMENT", "DZOO) 
defl(i, 157)=getDataBaseo. getNodeByNumber(1015). getResults("DISPLACEMENT-, "DZ") 
defl(i, 158)=getDataBaseO. getNodeByNumber(1021). getResults("DISPLACEMENT". "DZ') 
defl(i, 159)=getDatal3aseo. getNodeByNumber(1027). getResults("DISPLACENENT", "DZo) 
defl(i, 160)=getDataBaseo. getNodeByNumber(1033). getResults("DISPLACEMENT-, "DZ") 
defl(i, 161)=getDataBaseo. getNodeByNumber(1043). getResults("DISPLACEMENT", "DZ,, ) 
defl(i. 162)=getDataBaseo. getNodeByNumber(1049). getResults("DISPLACENENTO, "DZ") 
defl(i, 163)=getDataBaseo. getNodeByNumber(1055). getResults("DISPLACENJENT", DZ ) 
defl(i, 164)=getDataBaseo. getNodeByNumber(1061). getResults("DISPLACEMENT", "DZ") 
defl(i, 165)--getDataBaseo. getNodeByNumber(1067). SetResults("DISPLACEMENT", "DZ") 
defl(i, 166)--getDataBaseo. getNodeByNumber(1073). getResults("DISPLACENiENT", "DZa) 
deft(4167)=getDataBaseo. getNodeByNumber(1079). getResults("DISPLACEMENT", *DZO) 
defl(i, 168)=getDataBaseo. getNodeByNumber(1085). getResults("DISPLACEMENT", "DZ") 
defl(i, 169)=getDataBaseo. getNodeByNumber(1091). getResults("DISPLACEMENT", "DZ") 
defl(i, 170)=getDataBaseo. getNodeByNumber(1097). getResults("DISPLACENENT", "DZ-) 
defl(i, 171)=getDataBaseo. getNodeByNumber(l 103). getResults("DISPLACENMNT", "DZR) 
defl(i, 172)=SetDataBaseo. getNodeByNumber(I 109). getResults("DISPLACEMEENT", "DZ") 
defl(i, 173)=getDataBaseo. getNodeDyNumber(1115). getResults("DISPLACEmEm , 
DZ. ) 
defl(i, 174)=getDataBaseo. getNodeByNumber(I 121). getResults("DISPLACEMENT", NDZ") 
defl(i, 175)=getDataBaseo. getNodeByNumber(I 127). getResults("DISPLACEMENT",. DZ-) 
defl(i, 176)F--getDataBaseo. getNodeByNumber(I 133). getResults("DISPLACEMENT", "DZ") 
defl(i, I 77)=getDataBaseO. getNodeByNumber(I 143). getResults("DISPLACEMENT", PDZ,, ) 
defl(i, I 78)-getDataBaseo. getNodeDyNumber(I 149). getResults("DISPLACF-NIENT", NDZ") 
defl(i, 179)-getDataBaseo. gdNodeByNumber(I 155). getResults("DISPLACEMENT", -DZ-) 
defl(i, 180)=getDataBaseo. getNodeByNumber(I 16 1). getResults("DISPLACEMiD4T",,, DZ") 
defl(i, I 81)=SetDataBaseo. getNodeByNumber(I 167). getResults("DISPLACENFNT", "DZ") 
defl(i, 182)=getDataBaseo. getNodeByNumber(l 173). getResults("DISPLACEMENTN, NDZO) 
defl(i, I 83)=getDataBaseo. getNodeByNumber(I 179). getResults("DISPLACEMENT", NDZ,, ) 
defl(i, 184)=getDataBaseo. getNodeByNumber(I 185). getResults("DISPLACFAEMW, "DZ") 
defl(i, I 85)=getDataBaseo. getNodeByNumber(I 191). SetResults("DISPLACENJENT", "DZ") 
defl(i, 186)=getDataBaseo. getNodeDyNumber(I 197). getResults("DISPLACEMENT", NDZ") 
defl(i, 187)=getDataBaseo. getNodeByNumber(l203). getResults("DISPLACENEM "DZ") 
Liefl(i, 188)=getDataBaseo. getNodeByNumber(1209). 
getResWts("DISPLACEMENT", wDZ-) 
defl(L189)=getDataBaseo. getNodeByNumber(1215). getResults("DISPLACENM'NT-, -DZ") 
clefl(i, 190)=getDataBaseo. getNodeByNumber(1221). 
getResults("DISPLACEMENT", ODZ") 
defl(i, lgl)=getDataBaseo. getNodeByNumber(1227). getResults("DISPLACEMEm", -DZe) 
defl(i, 192)--getDataBaseo. getNodeByNumber(1233). getResults("DISPLACENUID4Tw, "DZ") 
defl(i, 193)=getDataBaseo. getNodeByNumber(1243). getResults("DISPLACENUNr, *DZ") 
defl(i, 194)=getDataBaseo. getNodeByNumber(1249). getResults("DISPLACEMENTO, -DZ") 
defl(i, 195)=getDataBaseo. getNodeByNumber(1255). getResults("DISPLACENlENT*, *DZ") 
defl(i, 196)--getDataBaseO. getNodeByNumber(1261). getResults("DISPLACEMENT", "DZ") 
defl(i, 197)=getDataBaseO. getNodeByNumber(1267). getResults("DISPLACEIVEM", wDZ-) 
defl(i, 198)=getDataBaseo. SetNodeByNumber(1273). getResults("DISPLACENffi-NT". NDZN) 
defl(i, 199)--getDataBaseo-getNodeByNumber(1279). getResults("DISPLACEMa4T", "DZ") 
defl(i, 200)=SetDataBaseo-getNodeByNumber(1285). getResults("DISPLACEMENT",, -DZ") 
defl(i, 201)=getDataBaseo. getNodeByNumber(1291). getReswts("DISPLACENEM-, -DZ") 
defl(i, 202)=getDataBase(). getNodeByNumber(1297). getResults("DISPLACE 
WENT", "DZ") 
defl(i, 203)=getData]3aseo. getNodeByNumber(1303). getResults("DISPLACEMENT-,,, DZ") 
defl(i, 204)=getDataBaseo. getNodeByNumber(1309). getResults("DISPLACEMENT", "DZ") 
icfl(i, 205)=getDataBaseO. getNodeByNumber(1315). getResults("DISPLACEMENT", "DZ") 
defl(i, 206)=getDataBaseo. getNodeByNumber(1321). getResults("DISPLACEMENT", "DZ") 
defl(i, 207)=getDataBaseo. getNodeByNumber(1327). getResults("DISPLACEMENT", "DZ") 
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defl(i, 208)=ýgetDataBaseo. getNodeByNumber(1333). getResults("DISPLACEMENT", "DZ") 
defl(i, 209)--p, etDataBaseo-getNodeByNumber(1343). getResults("DISPLACEMENT", "DZ") 
defl(i, 210)=SetDataBaseo. getNodeByNumber(1349). getResults("DISPLACEMEeNT,,,,, DZ-) 
defl(i, 21 1)=getDataBaseo. getNodeDyNumber(1355). getRestdts("DISPLACENEM", "DZN) 
defl(i, 212)=getDataBaseo. getNodeByNumber(1361). getResults("DISPLACEMENT", "DZ") 
defl(i, 213)--getDataBaseo. getNodeByNumber(1367). getResults("DISPLACEMENT", "DZ") 
defl(i, 214)-=getDataBaseo. getNodeByNumber(1373). getResults("DISPLACEMENT", "DZ") 
defl(i, 215)=getDataBaseo. getNodeDyNumber(1379). SetResults("DISPLACENILENT", "DZ") 
defl(i, 216)=getDataBaseo. getNodeByNumber(1385). getResults("DISPLACEMENT", "DZ") 
defl(i, 217)=getDataBaseo. getNodeByNumber(1391). getResults("DISPLACEMENT", "DZ") 
defl(i, 218)=getDataBaseo. getNodeByNumber(1397). getResults("DISPLACEMENT", "DZ") 
defl(i, 219)=getDataBaseO. getNodeByNumber(1403). SetResults("DISPLACENM'NT", "DZ") 
defl(i, 220)=getDataBaseo. getNodeByNumber(1409). getResults("DISPLACEMENTO, "DZ") 
defl(i, 221)=getDataBaseo. getNodeByNumber(1415). getResults("DISPLACEMENT", "DZ") 
defl(i, 222)=getDataBaseo. getNodeByNumber(1421). getResults("DISPLACEMENTO, "DZ") 
defl(i, 223)--getDataBaseO. getNodeByNumber(1427). getResults("DISPLACEMENT", "DZ") 
defl(i, 224)=SetDataDaseo. getNodeByNumber(1433). getResults("DISPLACEMIENT", "DZ") 
defl(i, 225)=getDataBaseo. getNcýdeByNumber(1443). getResults("DISPLACEMENT", "DZ") 
defl(i, 226)=getDataBaseO. getNodeDyNumber(1449). getResults("DISPLACEMIENT", "DZ") 
defl(i, 227)=getDataBaseo. getNodeByNumber(1455). getResuits("DISPLACEMENT", "DZO) 
defl(i, 228)=getDataBaseO. getNodeByNumber(1461). getResults("DISPLACFIAENT", "DZ") 
defl(4229)=getDataBasco. getNodeByNumber(1467). getResults("DISPLACEMEENT", "DZ") 
defl(i, 230)=getDataBaseo. getNodeByNumber(1473). getResults("DISPLACEMENT", "DZ") 
defl(i, 23 1)=getDataBaseo. getNodeByNumber(1479). getResults("DISPLACEMENT", "DZ") 
defl(i, 232)=getDataBaseo. getNodeByNumber(1485). getResults("DISPLACENE'NT", "DZ") 
defl(i, 233)=getDataBaseo. getNodeByNumber(1491). getResults("DISPLACEMENT", "DZ") 
defl(i, 234)=getDataBaseo. getNodeByNumber(1497). getResults("DISPLACEMENT", "DZ") 
defl(i, 235)=getDataBaseo. getNodeByNumber(1503). getResults("DISPLACEMENT", "DZ") 
defl(i, 236)=getDataBaseO. getNodeByNumber(1509). getResults("DISPLACENENT", "DZ") 
defl(i, 237)=getDataBaseo. getNodeByNumber(15 15). getResults("DISPLACEMENT", "DZ") 
defl(i, 238)=getDataBaseo. getNodeByNumber(1521). getResults("DISPLACENffi'NT", "DZ") 
defl(i, 239)=getDataBaseo. getNodeByNumber(1527). getResults("DISPLACEME'NTO, "DZ*) 
defl(i, 240)=getDataBaseo. getNodeByNumber(1533). SetResults("DISPLACEAW, NT", "DZ") 
defl(i, 241)--getDataBaseO. getNodeDyNumber(1543). getResults("DISPLACENIENT", HDZI1) 
defl(i, 242)--getDataBaseo. getNodeByNumber(1549). getResults("DISPLACF, Nffi'NT", "DZ") 
defl(i, 243)=getDataBaseo. getNodeByNumber(1555). getResults("DISPLACEMENT", "DZO) 
defl(i, 244)--getDataBaseo. getNodeByNumber(1561). getResults("DISPLACEMENT", "DZ") 
defl(i, 245)=getDataBaseo. SetNodeDyNumber(1567). getResults("DISPLACENIENT", "DZ") 
defl(i, 246)=getDataBaseo. getNodeByNumber(1573). getResults("DISPLACENIENT", "DZN) 
defl(i, 247)=getDataBaseo. getNodeByNumber(1579). getResults("DISPLACEMIENT". "DZ") 
defl(i, 248)=getDataBaseo. getNodeByNumber(1585). getResults("DISPLACFAEW", "DZ") 
defl(i, 249)=getDataBaseo. getNodeByNumber(1591). getResults("DISPLACENffi'NT", "DZ") 
defl(i, 250)=getDataBaseo. getNodeDyNumber(1597). getResults("DISPLACEMENT", "DZ") 
defl(i, 251)=getDataBaseo. getNodeByNumber(1603). getResults("DISPLACENM-NT", ODZ") 
defl(i, 252)--getDataBaseo. getNodeByNumber(1609). getResults("DISPLACEMENT", "DZ,, ) 
defl(i, 253)--getDataBaseo. getNodeByNumber(1615). getResults("DISPLACENlENT", NDZ") 
defl(i, 254)=getDataBaseo. getNodeByNumber(1621). getResults("DISPLACEMENT", ODZ") 
defl(i, 255)=getDataBaseo. getNodeByNumber(1627). getResults("DISPLACEMEENT", IDZI) 
defl(i, 256)=getDataBaseo. getNodeByNumber(1633). getResults("DISPLACENffi'NT", "DZO) 
I-Deassign all loading, support and thickness assigninents- 
processCommand("DEASSIGN SUPPORT FEATYP--SURFACE SN=ALL ISUP=I") 
processCommand("DEASSIGN LOADING FEATYP--SURFACE SN=ALL ILDG=I") 
I --- Close Results File 
processCommand("RESULTS CLOSE ALL") 
End Sub 
269 
Appendix 11 
APPENDIX II: 
A PRELIMINARY PARAMETRIC STUDY INTO 
THE PERFORMANCE OF A GA-BASED INVERSE 
ANALYSIS 
AIM Introduction 
The research documented previously in this thesis used genetic algorithms to solve 
inverse damage detection problems by searching a solution space of all permissible 
finite element models to determine a single solution that minimises, the difference in 
structural response between the finite element model and a simulated cxpcrimcntal 
response. The method has been shown to be effective at determining the location and 
extent of damage in two distinct damage applications by using simulated experimental 
data obtained by the finite element method to guide the genetic search. 
To date, the discussion has focussed on two novel applications of the method whose 
limitations have been posed in terms of the high demands placed on computational 
resources and the fact that, despite the generally impressive performance of the GA, 
there is sometimes a tendency to incorrectly identify the damage. This latter point 
indicates that there may be some underlying feature in the fitness landscape that may 
confuse the GA and lead it to converge on local rather than global optima for certain 
damage states. Furthermore, the results obtained in Chapter 6 have also indicated that 
the presence of experimental errors or noise may shift the location of a global optimum 
away from the known damage location, in which case the inverse problem becomes 
intractable. Naturally this poses questions as to where errors might arise from and what 
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the acceptable limits of errors for a given problem are before the fitncss land=pc is 
distorted to a point that the performance of the GA is significantly a(Tcctcd. 
This performance, measured in terms of the ability of the GA to navigate its 
way to the global optimum while sampling as few points in the solution space as 
possible, is dependent on the topology of that space. Factors such as the number of local 
optima, their proximity to one another and their relative magnitude may all have an 
cffect on the performance of the GA. Since the topology of the solution space or fitncss 
landscape is defined by the parameters that definc a given inverse problem it follows 
that each parameter will influence to a greater or lesser extent, the performance of the 
GA. By focussing on all those parameters for a given problem that influcnec the 
topology of the fitness landscape and attempting to quantify them in terms of the 
sensitivity of the solution space to changes in these parameters it may be possible to 
develop fitness landscapes that arc more sympathetic to solution using GAs. 
It is expected that such an approach %Nill lead to a better understanding of the 
fundamental factors of a physical problem and consequently point the way to improved 
problem formulations that are more robust to effors, less likely to convcrgc to local 
optima and place fewer demands on computational resources. 
The work described in this appendix represents the first steps that havc been taken in an 
attempt to better understand the sensitivity of the performance of the GA to changes in 
the problem parameters. It is meant as a taster for those researchers %%ishing to continue 
the work described in this thesis. The Nvork- that is envisioned in order to fully 
understand the various parameters and their effects %Nvuld justify a thesis in its own 
right. Therefore, the aim here is to provide a tcntativc fmmc%%-ork- for how this rcscarch 
might be structured, with some specific examples of how the problem can be approached 
and the data interpreted. 
Various problem parameters may have a profound effect on the topo 0' CSS logy f the fitn 
landscape, and it is important from the perspective of GA Performance to ha%v an 
appreciation of this. For example, changes to a hypothetical parameter in the problem 
might lead to the generation of additional local optima of similar magnitude to that of 
the global solution. In such a case the GA may be mislead by prematurely converging to 
the %vrong solution. Alternatively, changes to problem parameters may lead to ambiguity 
by shifting the location of the correct global to an incorrect position. In which case the 
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algorithm will correctly determine an incorrect solution. Such a Paramctcr would necd 
careful consideration and possibly reformulating of the problem so that the contribution 
of such a parameter on the solution landscape is minimised. Similarly, by looking at the 
sensitivity of the fitness landscape to experimental and analytical noisce, it should be 
possible to infer practical limits on allowable noise for a givcn problcm. 
The appendix begins by identifying and discussing all those gcncral parameters %%hich 
contribute to the topology of the solution space and for which a better undcrstantling or 
how they affect the solution space may lead to the development of robust guidelines for 
the optimum design of static, structural inverse damage detection problems. Next these 
will be discussed with reference to the underlying physical problem and soine 
illustrative examples of how sensitivity analysis might be applied. Some orthc problcm 
parameters introduced here will be universally applicable to all problcrns, while othcrs 
are problem specific. 
Both of the inverse analyses presented in this thesis have been solved %vith experimental 
data simulated using the finite element method. Although this rcprcscnts a simplification 
of the real-world problem it has the advantage that the problem Pammctcrs can bc 
readily changed and their effect on the performance investigated in a systcmatic and 
controlled way. Such an analytical investigation is expected to provide a %2luabIc insight 
into the problem and how it should be best formulated with actual physical spccimcn& 
The data and the discussion presented here focus on the damage detection problem of 
Chapter 6, in which a series of static three point bcnd tests N%-crc used to fully dctcminc 
the position of twin parallel cracks in a pultruded box section beam. It is as'sumcd hcre 
that the reader is familiar Nvith the details of the fundamental problem prc%iously 
described in depth.. During the solution of this problem, the solution spacc ývas 
enumeratively searched and therefore the data that is needed to investigate the sensitivity 
of the problem to various parameters is readily available. 
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A11.2 Problem Parameters 
As a starting point for the discussion those parameters that haý*c bccn idcntiricd as 
having an effect on the topology of the solution space have been listcd below. 11xsc 
parameters have been categorised on two levels. The tor.. Icvcl catcgorics such AS 
geometric parameters and mesh parameters represent a gcncral class of paramctcrs flut 
arc applicable in the widest sense to all inverse damage problems. 11W sccond lc%VI 
parameters are more problem-spcciric. Although some of these arc still applicable to 
other problems, many of them are unique to the inverse damage dctcction probicm or 
Chapter 6. Subsequent sections discuss initial investigations into the scnsiti%ity or tile 
solution space to some of the parameters listed below. Others ha%v been lcft for rurthcr 
investigation at a later date. 
Geometric parameters 
- Beam length 
- Beam depth 
- Beam width 
- Beam wall thickness 
FE mesh parameters 
- Mesh Density 
- Element shape 
- Element type (quadratic, linear) 
Material property parameters 
Young's modulus in principal material directions for a homogcnCous; matcrial 
Poisson ratio for a homogenous material 
Young's modulus in principal material directions for each lamina in a laminatc 
Poisson. ratio in principal material directions for each lamina in a laminatc 
Angular orientation of each lamina in a laminate 
- Fibre volume fractions 
- Fibre material properties 
- Resin material properties 
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Applied boundary parameters 
- Applied load 
- Quantity of output data 
- Position of output sensor/(s) 
Precision of sensor reading 
Errors in sensor positioning 
Damage parameters 
- Crack length 
- Crack starting position 
- Crack surface 
- Discretisation/resolution of the crack 
Measured results 
- Accuracy of measured data 
- Precision of response data (i. e. round-up errors) 
Formulation of the fitness function 
- Objective function --* fitness function mapping 
- Weighting of terms comprising the objective function 
- Weighting of any penalty terms 
Each of the above parameters can introduce variability into the system. Subsequent 
CC sections look at some of the parameters above and investigate how they aff, t the 
solution space and therefore the likely performance of a GA used to search it. From this 
information, conclusions can be drawn on a general level and on a problem spccirlc 
level. At the problem-specific level, the conclusions may lead to a better formulation of 
the GA, the experimental technique and the analytical model so that the ritness 
landscape is more amenable to a genetic search. On a general level it is C., Kpcctcd that 
conclusions can be drawn as to the relative importance of those problem parameters 
which may be applicable to all inverse problems and to act as pointers to guide future 
researchers. 
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All. 3 Geometric Parameters 
In the problcm of Chaptcr 6, the gcornctric pammctcrs rclating to the cross-section: il 
geometry of the beam are as follows, the depth (D), breadth (B) and the thickness or the 
%Nralls (T). An additional geometric parameter that may be the source orvariability is the 
length of the unsupported span, (L). 
The fitness landscape is defined is defined in terms of the diffcrencc bct%%-ccn two 
vectors of displacement responses. If one of these vectors is perturbed as a rcsult Oran 
effor either in the measurement of the physical specimen, or in the anal)-tical modcl. 
how is this likely to affect the fitness landscape? Furthermore, how important arc cffors 
in the estimation of each parameter relative to each other? 
One strategy for determining the sensitivity of the solution space to changes in any given 
geometrical parameter may be to cnumerafivcly determine the fitness landscape ror a 
number of different values of that parameter. This strategy has been adopted in latcr 
sections and it will be seen that it represents an cffcctivc, (if not cfficicnt) Way of 
visualising the sensitivity. However, a similar result might be achic%-cd by considering 
the sensitivity of a single measurement response and examining how scnsiti%-c it is to 
changes in the geometrical parameters. For the problem under consideration, the ritness 
function is formulated in terms of an array of three point bend displaccmcnt valucs. 11crc 
it is considered reasonable to assume that the response of a single loadcasc %%ill be 
representative of a composite response derived using multiple loadcasm 
Rather than run a full FE analysis, beam bending equations have bccn used to dctcnninc 
how sensitive the fitness function is to perturbations in the gcomctrical propcrtics. or 
course, a simple beam bending equation does not fully reflect the local and global 
response of a cracked structure, not least because it is unable to modcl the prcscncc or 
cracks. However, since the observed displacement response is largely a result of three. 
point bending effects, the assumption at this stage is considcrcdý-alid as a starting point 
for investigation. Furthermore, the use of an analytical model that does not include a 
crack, becomes a more realistic assumption as the crack length tends to zcro. On the 
basis of these assumptions therefore, the simple beam bending equation for a box section 
beam subject to a three-point bend load has been used to infer the sensiti%ity of the 
fitness function to changes in the geometrical problem parameters. 
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The sensitivity of the measured displacement to changes in each of tile ge,, tljcjj,: 
illustrated in the sensitivity curves listed In Figure All. I Where d&d'l'. parameters is I 
dS/dD, d8/dB and dS/dL is the rate of change in measured displacement re%ponsc with 
respect to changes I box section wall thickness(T), depih(D), breadth(B) and IcngttXl, ) 
respectively. The sensitivity gradients have been calculated using a finite differcrIce 
scheme. 
0 
d6/dT 200 d8/dD 
20 1 -100 0 
(b) 
10 
T 
(a) 
d6/dB -0-1 
-0.2 « 0 50 100 
B (min) 
dS/dL 
(d) 
Figure AM Sensitivity of measured displacement values to changes in 
geometrical parameters 
Figures All. I (a) and (b) demonstrate that the measured displacement. and therefore the 
solution space, is only sensitive to errors in the wall thickness and the box-section depth 
for small parameter values below a given threshold. In both cases there is a %%-clj_defjncd 
transition position. For thickness, the transition point is at approximatelY 1.2mm and for 
the overall box-section depth the transition point occurs at 20mm This result has 
important implications for the design of a GA since it implies that there is a minimum 
value of beam depth and wall 
thickness below which the fitness landscape ji, 
sensitive to errors 
in the measurement of these geometrical parameters. The fact that the 
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sensitivity curves are apparently converging to zero indicates that them is no uppcr 
bound on the performance of the algorithm due to geometrical cffors as values of depth 
and wall thickness increase. All this of course, assumes that all other pammctcrs remain 
fixed. 
Figure All. 1 (c) follows the general overall pattem of graphs a and b although over the 
range plotted here, the magnitudes of the sensitivities are much smaller. This suggests 
that while breadth also has a lower threshold, below which the performance or the 
algorithm may be sensitive to errors in that paramctcr, the cffcct on the topology of the 
solution space to this is likely to be less marked than with wall thickness and overall 
depth. 
In the case of Figure AID (d) the pattern is markcdly diffcrcnt than thosc or 
breadth, depth and wall thickness. As the length between the supports incrcascs, so the 
sensitivity of the displacement response to errors in the length increases sharply. This 
clearly indicates that the fitness landscape will become increasingly sensitive to errors in 
the measurement or modelling of the span length. 
From the above discussion a number of conclusions become apparent that uill help 
when developing rcal-life implementations of the inverse damage detection using actual 
damaged specimens. Firstly, there is a minimum value of beam depth, breadth and %%-all 
thickness below which the fitness landscape might be expected to be significantly 
perturbed by measurement or modelling errors. The geometrical values of depth, breadth 
and wall thickness used in the example of Chapter 6 arc well above these minimum 
threshold values and therefore there is confidence that the GA %%ill bc rclativcly 
insensitive to geometrical errors in the measurement or modelling of the cross-scctional 
geometry parameters. Secondly, since the fitness landscape becomes increasingly 
sensitive to errors in the span length then it appears prudent to use cxpcdmcntal 
loadcases of multiple spans of short length unless the measurement error can bc strictly 
controlled. Failure to do so may result in reduced crack identiflability. As a general rulc. 
great care should be exercised to minimise any errors in the modelling or measurement 
of the three-point span lengths. 
The above conclusions only represent guidelines to the design of experiments since the 
actual effect on the fitness landscape has not been quantified. This requires the actual 
solution space to be determined for errors in each of the geometrical paramctcrs 
277 
Appcndix 11 
considered here using a full FE analysis rather than the simplified beam rcprcscntation 
adopted here.. Furthermore, it should be recalled that this analysis is only applicable to 
short cracks. It is foreseeable that the sensitivity of displacement rcsponsc for box- 
section beams containing longer cracks may be different. 
A11.4 FE mesh parameters 
It is well understood that the design of a finite element mesh can have a significant 
effect on the predicted response of a structure. Good FE practice requires a judicious 
specification of mesh related parameters to produce analytical models that arc as 
accurate as possible in the areas of the model of interest. These mcsh-rclated paramctcrs 
have been identified as being, the mesh density, the element shape and the clernot 
interpolation order. 
In areas of high strain gradients it is necessary to have a more ref"mcd mesh in terms of 
mesh density and interpolation order if good estimates of significant local effects arc to 
be obtained. It is generally true that increasing the density of the mesh increases the 
accuracy of a finite element model until the solution has converged, af1cr which 
increases in mesh refinement will return little or negligible improvement in accuracy. 
However, increasing the refinement of the mesh in this Way disproportionately increases 
the computational effort that is required to solve a given problem. This is cspccially 
problematic for genetic algorithms, which rely on repeated solutions to the dircct 
problem. Therefore, in the design of FE meshes for genetic algorithms a careful balance 
needs to be achieved. It is necessary to minimise the number of degrees of freedom 
while simultaneously maximising the refinement of the mesh in order to produce 
sufficiently accurate results. These two requirements may seem conflicting. However, by 
examining how sensitive the solution space is to the design of the mesh it may be 
possible to determine to what extent the mesh design influences the performance of the 
genetic algorithm. In other words, the mesh design is a source of noise and it is 
beneficial to understand what levels of noise a given algorithm can tolerate before the 
solution space becomes difficult or impossible to solve using genetic search. Such 
information can subsequently be used to optimise the design of the mesh so that the 
minimum computational effort is needed to produce acccptablc damage detection 
results. 
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For the thick shell type elements used in the three point bend crack dctcction problem 
there are three design variables that can be changed; the mesh densitY, the element shape 
and the element interpolation order. Of course, in rcal-life applications the mcsh 
discretisation is only relevant to the analytical model, since the cxpcdmcntal output is 
detcrmincd experimentally. However, the inverse method described in this thesis uses 
experimental data that is simulated experimentally and the solution space is dcscribcd as 
a function of the difference in structural response between the analytical modcl and the 
simulated experimental model. Since the fitness function is formulatcd in tcrms of this 
difference in response, the same sensitivity to mesh variability should bc rcvcalcd 
whether it is the analytical finite element model or the finite element model simulating 
the experimental response that is perturbed. Initial investigations rcportcd hcre 
determine the solution space defined when the meshes of the two finite clcmcnt modcls 
are set up as follows: 
Analytical FE Model Experimental FE Model 
No of Elements 480 480 
Test I Shape of Elements Quad8 Node Quad 8 Node 
Interpolation Order Quadratic Quadratic 
No of Elements 120 
Test 2 Shape of Elements Quad 8 Node Quad 8 Node 
Interpolation Order Quadratic Quadratic 
No of Elements 480 1080 
Test 3 Shape of Elements Quad 8 Node Quad 8 Node 
Interpolation Order Quadratic Quadratic 
No of Elements 480 480 
Test 4 Shape of Elements Quad 8 Node Quad8 Node 
I Interpolation Order Quadratic Linear 
No of Elements 480 480 
Test5 Shape of Elements 
l 
Triangular 6 Node Triangular 6 Node 
Interpolation Order Quadratic Quadratic 
Figure A11.4-1 Test scheme for investigation of mesh variations on the fitness 
landscape 
The tests have been chosen to investigate each mesh-related paramctcr in turn. For cach 
test the complete solution space is plotted for a given pair of cracks on surface I locatcd 
at position 15 and length 5. This crack configuration is of intermediate length and is 
located approximately in the centrc of the bcam. 
279 
Appcndix 11 
Test I represents the same mesh design that was used in Chapter 6, for both the 
analytical and the experimental data. Since the surfaces to be meshcd arc rcctangular in 
shape, four-sided or quadrilateral elements have been adopted. The 8 node elements 
have a quadratic interpolation order. Testl is a benchmark test used to compare the 
effect of changing the mesh parameters in the subsequent tests. 
Test 2 is the same as Test I but the number of elements in the model uscd to dctcnninc 
the experimental data is reduced to 120. The mesh density has been reduced uniformly 
along the entire geometry such that the aspect ratio of the elements is unchanged. 
Test 3 is the same as Test I but with the mesh density of the cxperimental FE model 
increased uniformly from 120 to 1080 elements. Again, the mesh dcnsity has been 
increased such that the overall element aspect ratio remains unchanged. 
Test 4 is the swne as Test I but the interpolation order of the elements in the 
experimental FE model is linear, while the interpolation order of the elements in the 
equivalent analytical model remains quadratic. 
Test 5 is the same as Test I but the shape of the elements in the experimental FE modcl 
is triangular with a quadratic interpolation order. The mesh has been designcd so that the 
total number of elements in the model is the same as that in the equivalent analytical 
model that used quadrilateml elements. 
Presentation of the results is in the form of a fitness landscape for all crack 
configurations, Figures AII. 4-2(a)-(e). In order to visualise the results in three 
dimensions the fitness values are plotted on a single hyperplane, corresponding to those 
crack configurations which are on the same surface as the applied load. 
in common with all the GA implementations in the thesis, the fitness, value is takcn to be 
the reciprocal of the objective function value. Fitness = I/S, where S is the value of the 
objective function. 
Below each fitness landscape, is a list of fitness values at selected local maxima. 
The global maximum is indicated in bold and the ritness values for the known crack is 
shown in italics. This convention continues throughout this appcndix. Note that for the 
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GA to correctly determine the actual damage, the global maximum must be located at 
the position of the known damage, (I_ 1 5_5). 
Fitness 
Length 21 23 25 
Selected Maxima: 
oc at 1155 (Global) 
2400 at I_ 1 2_5 
Figure AI1.4-2(a) Test I- Benchmark 
Fitx-& 
Lcfqth 
25 
Selected Maxima: 
359 at I-ILS (CrIobal) 
320 at 1125 
Figure AI1.4-2(b) Test 2 No. Elements = 120 
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Fitness : 
I 
Length zI 23 25 
Selected Maxima: 
912 at 1- 15 5 (Global) 
637 at 1125 
Figure A11.4-2(c) Test 4 No. Elements = 1080 
Fitness = 
Selected Maxima: 
13.684 at 1_15_3 (Global) 
13.679 at 114 
_5 
8.732 ai 1 15 5 
8.71562 at 1125 
Figure AI1.4-2(d) Test 4 Linear Elements 
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Fitness 
Fitwss 
Selected Maxima: 
0.14326 at 1219 (Global) 
0.14294 at 129 
0.1355 at 112_5,1_13_5,1_14_5 
0.1355 at 115 5 
Figure AI1.4-2(e) Test 5 Triangular Elements 
Examination of benchmark Test I reveals that two distinct maxima are present in the 
solution space, one at the known damage configuration of 1_1 5_5 in which the fitness is 
infinity, while another important peak is revealed at 1_12_5. Both peaks are located 
close to each other and it is reasonable to expect the GA to locate at least one of these 
without difficulty for the benchmark crack and mesh configuration of Test 1. The 
difference in fitness value between the two peaks is significant, (although somewhat 
distorted by the fact that the actual solution is infinity) and this should favour the 
identification of the actual solution - although it may be possible that the algorithm W11 
converge to the incorrect solution 1_12_5 if it loses diversity prematurely. 
With respect to the benchmark test it is seen that for the given mesh and crack 
configuration, the overall topology of the features of the solution space Is very similar 
when the density of the mesh is both increased and decreased. Changing the mesh 
density does not change the overall position of the local optima, neither does it 
significantly affect the relative magnitude of the two peaks. Despite the fact that the 
difference in fitness between the two peaks decreases when the mesh density is changed, 
there is still sufficient difference to ensure the evolutionary search should favour the 
known damage solution. Consequently, it is concluded that for this problem and this set 
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of problem parameters, the performance of the GA is likely to be relatively insensitive to 
mesh density within the range examined here. This conclusion has been drawn on the 
assumption that the mesh is proportionally scaled in order to maintain clcmcnt aspect 
ratios. Indeed, the element aspect ratio might be investigated as an additional parameter 
that can introduce variability into the problem. It is known that clcmcnts have a 
maximum aspect ratio above which the accuracy of the FE solution can be 
compromised. This could have a noticeable cffect on the solution space and therefore tile 
potential performance of a GA searching it. Consequently it is an additional avcnuc 
worthy of further investigation. 
The insensitivity of the solution space to changes in the mesh density is in direct contrast 
to the effect of changing the element interpolation order and the mesh shape on the 
fitness landscape. This is evidenced in the results from tests 4 and 5. (Figures Al 1.4-2(d) 
and (e)). Both perturb the fitness function sufficiently to introduce additional significant 
optima into the landscape of similar magnitudes to the actual damage configuration. 
These have the potential to trick the GA into locating the incorrect damage 
configuration. Of concern is the fact that the global optimum in both Test 4 and 5 docs 
not correspond to the actual crack configuration. This will clearly result in any GA 
incorrectly locating the damage. In the case of Test 4, the global optimum is still in the 
vicinity of the actual crack configuration and the results may still be acccptable. 
However, when the shape of the clement is changed from quadrilateral to triangular then 
the global optimum is a significant distance away from the actual damage in the solution 
space. Examination of the topology of Test 5 shows the global maximum to be at a crack 
configuration of 12 1_9, - very different from the known solution of 1_1 5_5. 
On the basis of the above discussion it is concluded that for the given parameters used in 
benchmark Test 1, the performance of the GA is relatively insensitive to the mesh 
density that is used in the analytical model or to simulate the experimental response. 
This is a useful result since it means that the ability of the GA to locate the correct 
damage location is not likely to be compromised by the adoption of a coarser mesh 
which is less demanding of computational resources. In contrast, the temptation to use 
linear elements in place of quadratic elements in order to similarly reduce computational 
effort is to be avoided if the exact damage needs to be determined. Ho%%tvcr, since the 
use of linear elements does still result in the approximate location of the damage being 
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determined, it raises the interesting question of a two stage GA. Such a GA might use 
reduced-order linear elements in the initial exploitation stage of the algorithm, (using 
reduced computational effort) and then switch over to the more accurate quadratic 
elements in the later stages of the algorithm to home-in on the actual damage. 
By contrast, the use of triangular elements appears to completely disturb the fitncss 
landscape to the extent that the GA is unable to correctly determine the damage or even 
approximate it. Such a result implies that good FE practice must still be adhered to in the 
design of a finite element mesh that best represents the actual response of the analytical 
model. 
Further research might examine how true these conclusions are when other crack 
configurations are considered. 
All. 5 Formulation of the fitness function 
The results of Test I of the previous section, in which the same mesh, %vas uscd to dcflne 
the response of the analytical model and to simulate the experimental data, point to a 
further refinement that can be made to the GAs documented in this thesis. 
All of the applications described previously, used a fitness value (F) dcrined as the 
reciprocal of the objective function value (S). It can be seen from Equation All. 5-1 
below that for perfect data the correct solution, having an objective function value of 
zero, will have a corresponding fitness value of infinity. This can be problematic in that 
it strongly distorts the solution space in favour of the fittest solutions. As a resultý it is 
possible for a relatively fit solution to become dominant in the space of one or two 
generations. Such a situation is far from ideal since this loss of diversity prevents the GA 
from continuing to sample the global solution space to check that the correct optimum 
has indeed been found. Under these circumstances the chances of premature 
convergence increase significantly as less fit solutions are rapidly killed-off. In order to 
maintain diversity in a population, and hence improve the chances of finding a global 
optimum, it may be considered better to utilise an objective function which does not 
offer too much of a bias in favour of fit solutions during the early generations of a GA. 
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I/S 
as S- 01 
Equation A 11.5-1 
As an alternative to the fitness function of Equation All. 5-1 consider the allcmall%c 
formulation described in Equation All. 5-2. In this case the fitness is constrained within 
lower and upper bounds of 0 and I respectively. Such a formulation. hw% a 'flattening* 
effect on the solution space, which can be visualised by comparing the results of All 4- 
2(a), in which the fitness function was formulated as described in Equation All 5-1 and 
the equivalent solution space that would be obtained if the fitness function werc dcf n i cd 
using Equation All. 5-2, and is plotted below in Figure All. 5-1. 
I /(I +S) 
as S-0, F- I 
Fquation All. 5-2 
Figure A11.5-1 Fitness function calculated using F=]/(I+,.; 
Comparison of the two solution spaces show how both contain essentially the same 
Information. Two 
dominant peaks exist in both plots -- the global optimum 
corresponding to the actual solution at 
1_15_5 and local optimum in the vicinity at 
112_5. However the significant difference between the two plots is that for the 
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alternative fitness function of Equation AII. 5-2, a whole range Of solutions now have a 
much higher fitness value relative to the global and local optima. In terms of the 
performance of the GA, the fittest solutions will still dominate, however this will occur 
at a slower rate that than when the fitness value was formulated as a simple reciprocal of 
the objective function value. This means that the GA will be able to continue exploring 
the entire solution space for longer using schemata that are contained in Icss-fit 
individuals. The result is a GA which is more robust since it is less likely to prematurely 
converge to a local optimum - thus increasing confidence that the correct solution has 
been found. On the basis of this discussion it is proposed that future work using the 
FE/GA tool adopt the fitness function of Equation AII. 5-2. 
All. 6 Sensitivity to Material Properties 
When considering possible sources of error in an inverse problem, the error arising as a 
result of the difference in material properties between those used in the experimental 
specimen and those used in the analytical model can be significant. When the material is 
a homogeneous metal, then the actual error that might arise is expected to be small since 
there exist reliable databases of material properties derived from experiment for most 
metals. Furthermore metals generally exhibit excellent uniformity of properties 
throughout their structure and the manufacturing processes for the raw material are 
highly controlled to ensure minimal variability. The same is not true for composite 
niaterials. As discussed at length in this thesis, determining the exact material properties 
for a composite can be difficult. Given the almost infinite range of composite materials, 
there are few databases providing material properties at the laminate level. There may be 
no experimentally determined data and even if there is, variability in manufacturing 
techniques may make material properties vary from one batch of material to another. 
Alternatively, it is possible to synthesis composite material properties using the material 
properties of the constituent materials, however, this provides only a good estimate of 
the material properties of the laminate. Consequently, there is a great deal of uncertainty 
regarding material properties of composite materials. This naturally begs the question of 
how susceptable a GA-based inverse analysis is to these material property variations. 
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The material properties of composites may be looked at on a number of levcls, the 
constituent material level, the lamina level and the laminate level. In the case of 
constituent materials we might consider the sensitivity of the GA to variability in the 
Young's Modulus values of the resin and the fibres that arc used. At the lamina lcvcl the 
material properties are influenced among other things, by the fibrc volume fraction, 
variability in the orientation of the fibres, the degree of 'wavincss' of the fibrcs and the 
quality of the bond between the fibres and the resin. Again, the GA might bc scnsitivc to 
changes in any of these. On the laminate level, the ovcrall matcrial propcrtics will 
depend on variations in the orientation of the laminae and the thickness of individual 
laminae. 
In a general sense, each of the above material parameters contribute to the global 
Youngs Modulus and Poisson's ratio values. Rather than investigate the sensitivity of a 
GA inverse problem to changes in each material parameter, it is proposed that the 
overall sensitivity be investigated for changes in the global material properties. This 
approach requires the composite material to be simulated as an orthotropic and 
homogeneous material. For the beam in bending problem the overall material properties 
may be defined in terms of Youngs Modulus and Poisson ratio values in each of the 
material axes, (local X and local Y axes). In the case of a problem in which the material 
is considered a solid there will of course be three primary axes, X, Y and Z. In the three 
point bend problem, experience has shown that the structuml response darned as a mid- 
span displacement is most sensitive to variability in the Youngs Modulus of the material 
in the longitudinal beam direction. This parameter will be dcrined as Ex, and the 
sensitivity of the algorithm to changes in this parameter havc becn invcstigatcd as 
described below. 
The topology of the fitness landscape for a given crack, and mesh configuration has been 
plotted for different values of Ex used in the analytical model used to determine the 
simulated experimental response. The test cases arc as follows 
Testl : Experimental material properties 2% greater than those in the analytical model 
Test2: Experimental material properties 5% greater than those in the analytical model 
Test3 : Experimental material properties 10% greater than those in the anal), tical model 
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Figures AII. 6-1(a) - (d) show the fitness landscape as formulated using the fitncss 
transformation of Equation A11.5-2. Figure AII. 6-1(a) shows a bcnchmark tcst using 
perfect data, i. e. when the value of Ex used to determine the simulated cxpedmcntal 
response is the same as that for the analytical model. 
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Fitnew - FO - S) 
0 
I 
Selected Maxima 
I at 1_ 15_ 5 (Global) 
0 914958 at 1 12 ; 
Figure A11.6-1 (a) Perfect Data (Ex Experimental =Ex Annl)tical) 
Ftuwss =1 /0 +S) 
I T, 
09" 
I 
a 
. L-*th 
Selected Mimma 
0.99942 ai 1- 15 5 (Global) 
0 914901 at 1 12 5 
Figure A111.6-1 (b) Test I Experimental Eik - +2% 
Length ;1 15 
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Fitness 1/(I+S) 
I 
n 
Selected Maxima: 
0.9966 at 1- 15 5 (Global) 
0.9962 at 112 5 
Figure A11.6-1 (e) Test 2 Experimental Ex = +5 % 
Fitness = 
I 
in 
Length 21 23 25 
Selected Maxima: 
0.98679 at 115 5 (Global) 
0.9864 at 1_125 
Figure A11.6-1 (d) Test 3 Experimental Ex = +10pe 
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Comparison of the solution space for the three tests show that the overall chamacristics 
of the solution space remain largely unchanged regardless of the pcrturbation of thc Er 
value used to calculate the experimental response. The main charactcristic of the 
solution space is that it is largely convex with two easily idcntiriablc peaks which 
correspond to the following crack conf igurations, 1_1 55 and 112-5. 
When comparing topologies of fitness landscapes to examine the sensitivity of GAs to 
various problem parameters it is important to cxaminc fcaturcs that might causc the GA 
to return an incorrect solution. Firstly, a GA might be very scnsitivc to a givcn paramctcr 
if changes in that parameter introduce significant local optima that might cause 
convergence to an incorrect solution. Secondly it is scnsitivc if the perturbation rcsults in 
the global optimum shifting to a different location, in which case the GA cannot rind the 
correct solution. Thirdly it is very sensitive if an incorrect solution is fittcr than the 
known solution, which again will lead the GA to return an incorrect solution. 
It is encouraging that for the perturbations in Ex presented here, the magnitude of fitness 
of the correct crack configuration at 1155 is always greater than the magnitude or 
fitness of the next significant local peak- at 1_12_5 and that the ovcmil toPology of the 
solution space is generally unchanged. As expectcdý an incrcasing error in Er results in a 
slightly decreasing fitness value. However, the difference bctNN-ccn the two peaks 
remains similar across all the tests. Therefore it can be concluded that the ability of the 
GA to distinguish between the two peaks should be expected to be unchanged for 
variations in Ex of up to 10 %. Generally, for the mesh and crack configuration tested 
here it is reasonable to deduce that the performance of the GA *Nill be rclafiNvly 
insensitive to differences in Ex within the range examined. 
Despite this conclusion, there are some differences between the bcnclimark tcst and the 
perturbed tests. In order to predict how the performancc of the GA might changc if 
larger differences in Ex are adopted it is helpful to cxamine a plot of the d0crence 
between the benchmark test and test 3 for the given hyperplanc as illustrated over in 
Figure AII. 6-2. 
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Delta Fitnes 
0037 
0035 
0 033 
0031 
0019 
0027 
0 02! 
0 
Length 
Selected Maxima: 
0.017 at 1 15 5 
0.03419 at 1-2_18(Global) 
0.03412 at 1221 
Figure All. 6-2 (e) Fitness of Test 3- Test I 
Figure All. 6-2(e) reveals that the general shape of the difference in fitness values 
between perfect material property data and the data perturbed by 10% Is similar to that 
of the solution spaces previously seen for this crack configuration. Crack configurations 
in the length range 1-9 are most sensitive to changes in the matenal properties. It is 
interesting to note that many crack configurations such as I-2- 18 above, are more 
sensitive to changes in values of Ex than the known global optimum of 1 15 5. Th Is 
raises the concern, that as the difference in Ex increases, so the fitness of other cracks 
configurations such as 1_2_18 will increase relatively. Ultimately, this points to an 
upper limit on permissible variation in L, x using the GA for a given crack and mesh 
configuration. However, given the evidence of the previous discussion it is believed that 
this limit alone is unlikely to significantly upset crack identifiability for the vanabilitv 
which would be encountered in practical applications. 
Again, further work investigating the effect of material variability on different crack 
configurations would be beneficial in fully determining permissible limits- on the 
performance of the GA. 
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All. 7 Damaee Parameters 
Those damage parameters which may have an effect on the performance of the GA 
include the length of the cracks, the starting position of the crack, the surface of the 
crack and the discretisation or resolution of the crack. Of these, the crack length has 
been considered here. Further investigation into surface, starting position and crack 
discretisation/resolution would be required if a full understanding of the problem and its 
limitations is to be obtained. 
The aim of the investigation is to consider how the sensitivity of the measured responses 
changes relative to changes in crack length The ultimate goal of such an investigation 
being to help design more robust experiments in which the measurement locations arc 
selected to maximise the probability of a given algorithm uniquely determining the 
damage, while using the minimum of measurement sensors. 
The load cases previously adopted for the formulation of the objective function used in 
the GA of Chapter 6 were arbitrarily determined with the intention of sampling as much 
of the beam span as possible, while minimising the number of physical measurcmcnts 
that would be required. No effort was made to interpret the results in terms of the 
quantity and quality of the measured information that was used to formulate the 
objective function. 
As a starting point, the sensitivity of the measured structural response to changes in 
crack length has be defined mathematically in Equation Al 1-7. In which D is considered 
to be the measured response at a given measurement location and L is considered to bc 
the length of the crack. In this case, the measured response is the displacement that is 
recorded at the point of application of load under three point bend tests. For more dctails 
of the physical problem and the load cases, refer to Chapter 6. 
aD 
aL 
Equation All. 7-1 
The test data obtained from Chapter 6 is available in terms of the measurement response 
from 6 different loadcases and is available for crack length of discrete unit lengths. As 
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such the sensitivity of each measurement response has been determined using a finite 
difference scheme. 
As a starting point consider a crack starting at position 2 and subject to the full span 
three point bend load applied to the surface on which the cracks arc located. As the crack 
length is increased along the length of the beam the sensitivity of' the measured 
displacement response at the point of the applied load varies as shown in AII. 8-1 The 
corresponding applied load and coaxial measurement position is shown above the graph, 
as are the locations of the supports. 
0.035 
0.03 
0.026 
0.02 
C 0.015 
4) 
U) 
0.01 
0.005 
0 
Figure A11.8-1 Sensitivity of measured displacement Vs crack length 
A moderate increase in sensitivity as the crack length increases is followed by a sharp 
rise to the peak and then a rapid fall back to near-zero. This rapid fall is followed by 
another secondary increase in measurement sensitivity. The extent of this secondarv 
increase is unknown since the problem domain In the problem was constrained to a 
maximum crack length of 25. However, the graph shows that for all cracks Within the 
considered domain and for the problem parameters described in Chapter 6, the measured 
response is relatively sensitive to changes in crack length. This indicates firstlý that the 
experimental response is activated by the presence of cracks and may therefore be a 
useful measurable response. Secondly, the fact that the measurement Is sensitive across 
much of the crack length domain indicates that it contains useful information about most 
crack lengths, particularly those that finish between positions 14 and 16. In other words. 
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in terms of the physical problem the mcasurcd crosshcad displacancni In most 
responsive when the load is applied near the crack tip. I lo%%, cvcr. this may not be true or 
very short cracks located on the lcft hand side or the bcam or in cracks that stan at 
position 2 and finish at position 2 1. 
in this particular situation the crack is constrained to lie %vithin the span or the suppotts, 
There is no inforniation contained in the above graph to indicate %%Imt happens %%hen tlw 
crack lies fully or completely outside of the three-point bcnd span. In order to examine 
this, the effect of changing the starting position of the crack and the sensitivity or other 
measurement rcsponses, plots All. 8-1(a)-(c) show the sensitivity of multiple load-cases 
and measurement responses plotted at different crack starting positions. For full details 
of the loadcases, FS, HSI, HS2, QSI, QS2 and QS3. rcrcr to the problem description in 
Chapter 6. 
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0.035 
00-1 4 
0.025 
0.02 
C 0.015 
(1) - Fs 
0.01 
0.005 Q":: 
0 
02469 10 12 14 16 IN 
Crack Length 
0.025 
0.02 
>% i 
0ý015 
c 
4) 0.01 -rs 
0.00 I lvlý Mlý 
469 10 12 14 16 Is 20 
Crack Length 
(b) 
(C) 
Figure A11.8-2 Sensitivity Of measured displacement N's crack length 
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The plots reveal that for each of the measurement locations, the general response is 
similar. In the case of the half-span loadcases HSI and IIS2, the shape of the sensitivity 
curve and its physical interpretation is almost an exact match to that of the full span FS 
loadcase. The main difference between the two curves is the overall peak sensitivity is 
less than for that of the full span load case and also that they are only sensitive over half 
of the range that the full span load was. Interestingly, for each of the crack starting 
locations, the HS2 response is more sensitive to changes in crack length than IISL 
Additionally HSI has a secondary, less sensitive peak that acts over a relatively long 
area. An explanation for this can be obtained if we consider that the overall measured 
response for any load case is the sum of the effect of the crack within the supports and 
the effect of the crack projecting beyond the supports. It is intuitive to consider that the 
overall measured response due to the crack within the supports will be more scnsitivc 
than the response due to the crack extending beyond the supports. The following 
explanation will verify this assumption. 
For HSI, which is with the left hand side of the beam supported in a three-point 
bend and with a crack extending from the left hand side, the overall measured response 
will only be a result of a crack within the supports. This is true until the crack extends 
beyond the middle of the beam, (position 15 in the graph), after which the measured 
response will also contain a component due to the crack extending beyond the supports. 
This is evidenced in the curve of HSI, which is very insensitive for short cracks, and 
increases to a maximum sensitivity when the crack tip is at the point of the applied load. 
However, as the crack extends beyond the supported length, then the overall measured 
response may contain a component of this, which is recorded in the fact that the 
sensitivity curve for HSI continues to register a modest sensitivity for cracks extending 
all the way along the beam. For the same crack starting position, HS2 is very insensitive 
to cracks until they extend beyond position 15, which is half way along the beam. As the 
crack length increases into this zone, then the displacement response %vill al%vays contain 
an additional displacement contribution as a result of the crack extending beyond the 
supports. This additional contribution to measured response is always visible to the 
loadcase HS2. Whereas for cracks starting on the left hand side of the beam the 
additional contribution was not visible to HSI until after the crack had passcd beyond 
the middle of the beam. This additional contribution is always visible to IIS2 and is 
added to it, explaining why the peak sensitivity associated with HS2 is always grcatcr 
than that of HSI. 
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The relationship between the 3 quarter span sensitivity curves, QSI, QS2 and QS3) is 
similar to that of the half span curves although the maximum measurement sensitivity is 
always less, and the range of crack lengths over which it is sensitive is less. A clear 
pattern, emerges that the shorter the span, the lower sensitivity to crack length and also 
the range of crack lengths over which that load case is sensitive. In other words, fcwcr 
long span load cases might improve the identiriability of the length than lots of short 
ones. (This is in contrast to the conclusion in section AID that shorter spans arc more 
tolerant to measurement errors in the unsupported length. ). Furthermore, the curves 
show that if a crack lies entirely beyond the supported span of a given load case then the 
information provided by that load-case is negligible. This reinforces the argument that 
the information added by short span load cases is of dubious bencrit and might even add 
unnecessary noise into the equation. To maximise crack length idcntifiability it appears 
necessary to select load-cases that will maximise the sensitivity across the entire span of 
the beam. Figure AII. 8-2(a) shows that with the exception of QS3, the quarter span load- 
cases supply no additional information to help identify the correct lcngtK Equally, HSI 
only supplies practical information that is not already covered by FS within a very small 
range. However, the information inherent in the response of HS2 is considered to be 
important since it provides a degree of sensitivity to cracks in particular range within 
which the measured response from FS is relatively insensitive. 
So far, the discussion has focussed on cracks starting at the very left hand side of the 
beam. Figure AIL8-2(b) & (c), show what happens to the sensitivity of the various load 
cases as the crack starting position moves along toward the right. The general trend that 
emerges is that as the starting position moves to the right, then the overall sensitivity of 
FS and HSI reduces, while the sensitivity of HS2 remains largely unchanged. Equally, 
the sensitivity of the quarter-span load cases remains unchanged in terms of both 
magnitude and range of sensitivity. This observation reinforces the above conclusion 
that the information contained in the measurement of HS2 is relatively more important 
than that of HSI . Certainly it appears that for the crack configurations cxamined here the 
information provided by the HSI, QSI and QS2 loadcascs makes only a small 
contribution to the identifiability of the crack length. In such a situation, the information 
contained in figure AI1.8-2 may be used to suggest alternative positions for the 
measurements to be taken or to be removed from the formulation of the fitness function 
altogether. 
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All. 8 Discussion 
Two important conclusions in the main body of the thesis Nvere; (a) that future work 
should focus on the actual implementation of inverse damage detection problems using 
real-life experimental data and (b) that despite the many advantages of GAs they do 
place high demands on available computational resources. Both of these conclusions 
present considerable challenges to future researchers hoping to continue the worL 
Firstly, it will be necessary to address the issue of errors in the rcal-life implementation. 
How will the errors arise? What will their effect on the performance of the GA be? and 
What can be done to minimise or remove these errors? Secondly, it will be necessary to 
investigate how it is possible to improve the performance of the GA in order to 
maximise the chances of correctly identifying damage while minimising the 
computational effort required to do it. 
This appendix has sought to address these issues by taking as a starting point the 
assumption that the underlying fitness landscape is fundamentally governed by the 
choice of parameters used to describe a given inverse problem. By investigating the 
cffect these parameters have on the fitness landscape, and therefore the performance of 
the GA, a number of useful observations have been made that will render the future 
solution of such problems more robust and efficient. By examining the sensitivity of the 
fitness landscape to changes in various problem parameters it has been possible to infcr 
how GA performance will be affected by these parameters without actually running the 
GAs - an exercise that would be prohibitively time-consuming for all the parameters that 
are identified here. 
The starting point for the present work has been the identification of those parameters 
that are thought to influence the topology of the fitness landscape. Thesc havc been 
categorised into classes of general and problem-spccific parameters. By way of 
illustration it has been shown that the effect of each parameter on the solution space can 
be quantified using a sensitivity-based approach. As well as providing valuable insight 
into the specific inverse problem of Chapter 6, it is expected that the general approach 
described here and the underlying thinking can be easily transferred to other problems. 
In this light, it is hoped that the present %vork-will be a stepping-stone to the development 
of a set of guidelines that are applicable to a %vide mnge of inverse problems. The 
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underlying concept behind this work has been that a better understanding of the physics 
of a problem and how the various problem parameters might affect the performance of a 
GA can lead to the development of fitness landscapes that arc more sympathetic to 
solution by genetic search. 
Having listed all those parameters that have an cffect on the topology of the solution 
space and therefore the performance of the GA, the research has considered with 
reference to the inverse crack detection problem of Chapter 6a handful of those 
parameters in turn. For the seven general categories of parameters, the present work has 
aimed to address at least one of the underlying problcm-spcciric pararnctcrs. 
Although only an initial investigation into the effect of individual parameters on the 
underlying fitness landscape, a number of interesting conclusions have already bccn 
uncovered which can lead to more robust GA-based inverse analyses. 
To summarise, the problem-specific conclusions that have been reached are as follows; 
- It has been demonstrated that changes to various problem parameters can make the 
solution space difficult of impossible to navigate. This is generally done in onc or 
more of the following ways. a) the location of the global optimum can shift to an 
incorrect solution, b) incorrect solutions become fitter than that of the known 
solution, c) the magnitude of a local optimum increases relative to that of the known 
global. In the first two cases, the GA will be completely deceived into locating an 
incorrect solution, (despite successfully navigating the solution space). In the third 
case, the algorithm is not guaranteed to rcturn the correct solution especially if 
diversity is lost too soon. 
- Errors arising from discrepancies in the modelling of the geometry of the cross- 
section of the box section beam are not expected to have a negative cffect on the 
ability of the GA to search the solution space and return the correct damage solution. 
This is only true for values of each parameter above a minimum threshold N-alue. 
- Errors in the representation of the unsupported span length may lead to an increasing 
disruption to the fitness landscape as the unsupported span length increases. This 
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indicates that a fitness function defined in terms of lots of short span three point bend 
loads may be more tolerant of such errors than an equivalent comprising of a fcw 
long spans. 
- The probability of correctly locating the damage is considered to bc Iargcly 
unaffected by changing the density of the mesh used in the analytical model. This 
raises the possibility of adopting relatively coarse meshes in order to reduce 
computational effort. 
- Assuming all other factors remain the same, the probability of correctly locating the 
damage is detrimentally affected by adopting lower interpolation order clcmcnts in 
the analytical model. However, it is still possible to locate the approximate area of 
damage. An interesting implication of this result is that of a two stage GA. Such an 
algorithm would using linear elements in the early stages of the algorithm to locate 
the approximate region of the damage using minimum computational resources 
followed by the use of quadratic elements later in the algorithm to determine the 
damage to a higher degree of resolution. 
- Alternative fitness functions that constrain the fitness between upper and lower 
limits of I and 0 respectively may be more robust that those that constrain the 
solution space between co and 0. 
- Early indications are that performance of the GA is relatively insensitive to errors in 
the representation of the Young's Modulus values adopted. This is an encouraging 
result since it is expected to be one of the most significant errors that may arise in the 
practical implementation of inverse damage detection problems using composite 
materials. 
- Different three point bend loading conditions are more sensitive to somc crack 
configurations than others. By examining the fonvard problem, it is possible to 
choose those loading conditions that provide maximum sensitivity over the entire 
range of the problem domain. Such an analysis can point out where additional load- 
cases can be added or in some cases removed in order to reduce the number of 
measurements required and the computational effort needed to solve the GA. 
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Final Remarks 
A full investigation of the effect of the problem parameters on the underlying fitncss 
landscape requires a systematic investigation of each of the parameters that have been 
identified. This is no small task in its own right and would require the management of a 
great deal of data. Indeed, it might seem that such a time-consuming and exhaustive 
investigation into the solution space in order to develop a more cfficicnt GA to search 
that space, negates the need to actually run the GA in the first place- especially when 
GAs have been chosen over other optimisation methods because of their reported 
robustness, applicability to seemingly complex solution spaces and the fact that they do 
not require any explicit knowledge of the solution space. It may therefore appear 
paradoxical that we require knowledge of the solution space in order to design a more 
efficient GA to search that solution space. However, performing such an investigation 
on a few benchmark problems for which the solution to the problem is known provides 
confidence in the method as well as useful clues as to how to proceed Nvhen the solution 
is unknown. To this extent, simulations of changes to physical parameters using the 
finite element method may be a valuable tool. 
The present work has developed a clearer understanding of how errors may be 
introduced into the physical problem and the analytical model, while also providing the 
tools to minimise the effect of such errors on the ability of a GA to correctly identify 
damage. The various ways in Which the fitness landscape may be perturbed by these 
errors to the extent that the GA is unable to correctly identify damage havc been 
presented. Additionally, the exercise has revealed practical techniques that can be used 
to reduce the computational demands of the GA. It should noted from the research that it 
has been possible to deduce the effects of changing various problem parameters on the 
performance of a GA without actually running a single GA. 
The current work has only scratched the surface, since it should now be clear that the 
total number of parameters is vast. In addition, for each of the paraincters examined here 
for a few crack configurations, there remain many more crack configurations to that 
need to be examined. When we take into account that for each paramcter the conclusions 
are only applicable for the specific FE mesh adopted, thcn the shecr volume of 
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parameter combination that might be obtained is vast. However, the main objective of 
this additional work has been to demonstrate that such a comprehensive review of the 
effect of parameters on performance is not entirely necessary. GA performance may be 
substantially improved when applied to rcal-world inverse problems by only considering 
a small handful of relatively simple direct problems. Nonetheless, it is felt that a 
comprehensive review of the effect of all the parameters for a handful of problems based 
on the work described here can only help develop guidelines for future researchers 
wishing to implement GA-based inverse analyses similar to those described in this 
thesis. 
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